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F O R E ~ O R D  

A t  p resent  reversers  in tended t o  produce a reverse  t h r u s t  o f  t u r b o j e t  
engines i n  a i r c r a f t  land ings  a r e  w i d e l y  used i n  passenger and t r a n s p o r t  j e t  
a i r c r a f t .  We know o f  f o r e i g n  p u b l i c a t i o n s  i n  which da ta  a r e  g i ven  on p a r t i -  
c u l a r  reversers ;  severa l  s tud ies  d e a l i n g  w i t h  c a l c u l a t i o n  and theory have been 
pub l i shed  i n  the  Sov ie t  Union. S t i l l ,  w o r k s  g e n e r a l i z i n g  research on reve r -  
sers t h a t  can serve  as a b a s i s  for  new developments have n o t  been pub l i shed  
e i t h e r  i n  the  domestic o r  i n  the  f o r e i g n  l i t e r a t u r e .  Textbooks e v i d e n t l y  
merely p r o v i d e  a d e f i n i t i o n  o f  reversers .  

I n  recent  years a i r c r a f t  w i t h  shortened and v e r t i c a l  t a k e o f f  and land ing  
have made cons iderab le  advances; t h e  power p l a n t s  o f  these a i r c r a f t  a r e  equ ip -  
ped w i t h  devices f o r  d e f l e c t i n g  t u r b o j e t  exhaust downward. The l i t e r a t u r e  
conta ins  almost no account o f  the r e s u l t s  o f  exper imental  research on tu rbo -  
j e t  def  1 ec to rs  . 

Th is  monograph w r i t t e n  by a c o l l e c t i v e  o f  authors on the  i n i t i a t i v e  o f  
K .  N. Popov, i s  the  f i . r s t  a t tempt  t o  f i l l  t h i s  gap. I t  s e t s  f o r t h  the  r e s u l t s  
o f  c a l c u l a t i o n s - t h e o r e t i c a l  and exper imental  i n v e s t i g a t i o n s  on models o f  r e -  
ve rse r  and d e f l e c t i n g  devices f o r  t u r b o j e t  engrnes. The g r e a t e r  p a r t  o f  the 
book deals w i t h  reversers .  

For the  f i r s t  t ime, b a s i c  i n f o r m a t i o n  on a v a r i e t y  of reve rse r  l ayou ts  
i s  s e t  f o r t h  i n  a sys temat ic  way (Chapter I ) .  
reversers  and d e f l e c t o r s  a r e  a l s o  considered. 

Many cons t ruc ted  designs o f  

The d i v i s i o n s  o f  the book i n  wh ich  the r e s u l t s  o f  exper imental  research 
on reve rse r  and d e f l e c t i n g  devices ob ta ined  from models (Chapters I V ,  V and 
V l l l )  and i n fo rma t ion  on the  propagat ion  o f  the  reverse stream i n  the  e x t e r n a l  
f low (Chapter V I )  a re  o f  v i  t a l  importance. Systematized and genera l i zed  data 
from model and f u l l - s c a l e  t e s t s  o f  reversers  a r e  recommended f o r  use i n  con- 
duc t i ng  e v a l u a t i o n a l  c a l c u l a t i o n s .  O f  i n t e r e s t  a r e  the r e s u l t s  o f  e x p e r i -  
mental research, conducted on models, of: d i f f e r e n t  schemes o f  d e f l e c t o r  de- 
v ices  f o r  main and l i f t  t u r b o j e t  engines (Chapter V I I I ) .  These r e s u l t s  can 
be used i n  p r a c t i c a l  developments. 

Bear ing i n  mind t h a t  b u i l d i n g  exper imental  forced-measurement f a c i  1 i t i e s  
f o r  research on reve rse r  and d e f l e c t i n g  devices encounters c e r t a i n  d i f f i c u l -  
t i e s ,  the  au thor  deemed i t  wor thwh i l e  t o  take  up a number o f  methodological  
problems invo lved  i n  us ing  such f a c i l i t i e s  and a l so ,  i n  p a r t i c u l a r ,  i n  us ing  
a f a c i l i t y  equipped w i t h  forced-measuring elements f i t t e d  w i t h  w i r e  r e s i s t -  
ance transducers (Chapter I I I ) .  These ques t ions  a r e  thus f a r  n o t  touched on 
i n  the  1 i t e r a t u r e .  

K. N. Popov wro te  52 and 4 i n  Chapter 1 1 1 ,  5 3  i n  Chapter I V ,  53 and 5 i n  
Chapters 7 and Chapter 8; N .  I .  Khvostov-- 52 i n  Chapter I ,  52 i n  Chapter 1 1 ,  

V 



54 i n  Chapter I V Y  5 1 ,  2 and 3 i n  Chapder V I  and 52 i n  Chapter V I I ;  A. A. 
Svyatogorov--51, the f i r s t  pac t  o f  54 qnd 5 i n  Chapter 1, 5 1  and 3 i n  Chapter 
1 1 1 ,  5 1 ,  2, 5 and 6 i n  Chapter I V Y  S4 i n  Chapter V I  and 5 1  i n  Chapte i  V I I ;  

A. A. Svyatogorov wro te  together  w i t h  K. N. Popov-- S3 and the second p a r t  o f  
54 i n  Chapter I ,  5 1  i n  Chapter I I ,  Chapter V,  and 54 i n  Chapter V I I ;  A. A. 
Svyatogorov wro te  the  I n t r o d u c t i o n  together  w i t h  N. I .  Khvostov. 

The authors a r e  deeply indebted t o  V .  M. Akimov and L.  A.  So rk in  f o r  
t h e i r  ass is tance i n  conduct ing the s tud ies  t h a t  served as the bas is  f o r  the 
monograph. 

I n  c a r r y i n g  o u t  the g raph ic  work and p u t t i n g  together  the manuscr ip t ,  
the authors were g r e a t l y  he lped by L.  I .  Savichev and L.  A. Sabushkin, t o  
whom the authors express t h e i r  g r a t i t u d e .  

Comments and recommendations about the book should be sent  t o  
Mashinostroyeniye Pub1 i s h i n g  House, (Moscow, K-51 , Petrovka, 2 4 ) .  
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SYSTEMS FOR DEFLECTION OF T H E  JET STREAMS 
OF TURBO-JET ENGINES 

A. A .  S v y a t o g o r o v ,  K.  N. Popov  a n d  N. I .  K h v o s t o v  

ABSTRACT: T u r b o j e t  e n g i n e  t h r u s t  r e v e r s e r s  and  d e v i c e s  fo r  
d e f l e c t i n g  t h e  j e t  e x h a u s t  a r e  e x a m i n e d  i n  t h i s  book .  T h e  
p r e s e n t  s t a t u s  o f  r e s e a r c h  a n d  d e v e l o p m e n t  of r e v e r s e r s  a n d  
d e f l e c t i n g  d e v i c e s  is d e s c r i b e d  a n d  d o m e s t i c  p r i o r i t i e s  i n  
b u i l d i n g  r e v e r s e r s  i s  u n d e r s c o r e d .  The  e f f i c i e n c y  of t h r u s t  
r e v e r s a l  i n  b r a k i n g  a i r c r a f t  upon l a n d i n g  a n d  i n  f l i g h t  i s  
i n d i c a t e d ,  as w e l l  a s  e f f i c i e n c y  i n  d e f l e c t i n g  t h e  j e t  e x h a u s t  
downward to s h o r t e n  t h e  t a k e o f f  a n d  l a n d i n g  d i s t a n c e .  A c l a s -  
s i f i c a t i o n  i s  g i v e n  a n d  p r i n c i p l e s  l a i d  down f o r  b u i l d i n g  
r e v e r s e r  a n d  d e f l e c t i n g  d e v i c e s  a n d  e x a m p l e s  o f  t h e  c o n s t r u c t i o n  
of a v a r i e t y  of d e v i c e s  a r e  c i t e d .  The  f u n d a m e n t a l s  o f  g a s -  
d y n a m i c  c a l c u l a t i o n  o f  r e v e r s e r  a n d  d e f l e c t i ’ o n  d e v i c e s  a r e  
g i v e n .  T h e  me thod  of c a l c u l a t i o n  i s  i l l u s t r a t e d  by a n  e x a m p l e  
of t h e  d e v e l o p m e n t  o f  a r e v e r s e r  d e s i g n  f r o m  d a t a  o f  e x p e r i m e n t a l  
r e s e a r c h  . 
Methods  o f  research a n d  e x p e r i m e n t a l  f a c i l i t i e s  fo r  t e s t i n g  
m o d e l s  of  r e v e r s e r  a n d  d e f l e c t i n g  d e v i c e s  a r e  e x a m i n e d .  T h e  
r e s u l t s  o f  s t u d i e s  made b y  t he  a u t h o r s  o n  m o d e l s  of these  d e v i c e s  
u s i n g  f a c i l i t i e s  e q u i p p e d  w i t h  f o r c e - m e a s u r e m e n t  l n s t r u m e n t s  a re  
set f o r t h .  I n  t h e  i n v e s t i g a t i o n s  g a s - d y n a m i c  m e a s u r e m e n t s  were 
a l s o  made w i t h  t h e  aim o f  s t u d y i n g  t h e  p h y s i c a l  flow p a t t e r n .  
S y s t e m a t i z e d  a n d  g e n e r a l i z e d  d a t a  r o o t e d  i n  e x p e r i m e n t a l  i n -  
v e s t i g a t i o n s  o f  m o d e l s  a n d  f u l l - s c a l e  r e v e r s e r s  i s  recommended f o r  
u s e  i n  c a l c u l a t i o n s :  f u l  1 p r e s s u r e  r e c o v e r y  c o e f f i c i e n t s  i n  d e -  
f l e c t i n g  d e v i c e s  o f  r e v e r s e r s  a n d  i n f o r m a t i o n  o n  t h e  e f f e c t  o n  
t h e  r e v e r s e  c o e f f i c i e n t  o f  b y - p a s s i n g  p a r t  o f  t h e  e x h a u s t  g a s e s  
t h r o u g h  t h e  n o z z l e  i n  t h e  s t r a i g h t - f l o w  d i r e c t i o n .  T h e  r e s u l t s  
o f  m e a s u r i n g  t h e  e x i t  a n g l e  of t h e  flow from d e f l e c t i n g  s c r e e n s  
a n d  c o n n e c t i n g  p i p e s  o f  t h e  r e v e r s e r s  a n d  t h e  r e s u l t s  o f  r e s e a r c h  
o n  t h e  d i f f u s i o n  of t h e  r e v e r s e  stream i n t o  t h e  e x t e r n a l  f l o w  
b e a r  s c i e n t i f i c  i n t e r e s t  as w e l l  as p r a c t i c a l  w o r t h .  

The  b o o k  is  i n t e n d e d  for  e n g i n e e r i n g - t e c h n i c a l  p e r s o n n e l  i n  
t h e  a v i a t i o n  i n d u s t r y .  It c a n  a l s o  b e  u s e d  by i n s t r u c t o r s  a n d  
s t u d e n t s  i n  s e n i o r  c o u r s e s  a t  a v i a t i o n  t e c h n i c a l  c o l l e g e s .  

I n t  r o d u c t  i o n  

T h e  steady increase i n  f l i g h t  speed and weight o f  modern a i rcraf t  with /5* 
t u rbo je t  engines has lead t o  an appreciable de te r iora t ion  of t h e i r  takeoff 

* Numbers i n  the margin ind ica te  pagination i n  the foreign tex t .  
- - - _- - _-- _ _  -_-- - _ _  



and landing c a p a b i l i t i e s .  
r i s e n  sharp ly ,  i n  s p i t e  o f  an increase  i n  t h e  l i f t  c o e f f i c i e n t  through mech- 
an iza t ion  of t h e  wing, s u c t i o n  o r  blowing o f  the  boundary l a y e r .  The increase  
o f  takeoff  and landing v e l o c i t i e s  leads t o  an i n t e n s i v e  increase  i n  t h e  take-  
o f f  run and i n  the  landing run, s i n c e  these  q u a n t i t i e s  a r e  propor t iona l  t o  
t h e  square of  the  l i f t o f f  and landing v e l o c i t i e s .  
landing d is tances  leads t o  a r ise i n  the  e x t e n t  and cos t  o f  a i r p o r t s  and re- 
duces the  opera t ing  p o t e n t i a l i t i e s  o f  a i r c r a f t .  

The reduct ion i n  the takeoff  run d is tance  i s  a t t a i n e d  by increas ing  the 
thrust- to-weight  r a t i o  o f  an a i r c r a f t ,  t h a t  i s ,  the  t h r u s t  produced p e r  u n i t  
a i r c r a f t  weight. I n  a d d i t i o n ,  t akeoff  boos te rs  can be used. 

The takeoff! and landing speeds of  aircraft  have 

The i n c r e a s e  i n  takeoff  and 

More complex i s  t h e  problem of reducing t h e  landing run d is tance ,  depend- 
i n g  as i t  does on t h e  landing v e l o c i t y  and on the  braking devices  used. An 
a i rcraf t  can be s t a r t e d  a t  t h e  beginning o f  t h e  runway, however, t h e  touch- 
down p o i n t  w i l l  always be a t  some d is tance  from the  s t a r t  of t h e  runway. 

The landing run d i s t a n c e  can be reduced by e f f e c t i v e  slowing up of  the  
a i r c r a f t .  

U n t i l  r e c e n t l y ,  t h e  p r i n c i p a l  devices used i n  braking a i r c r a f t  with 
t u r b o j e t  engines included wheel brakes ,  brake f l a p s ,  and brake parachutes .  
An increase  i n  the f r i c t i o n a l  force of wheel brakes leads t o  l a r g e r  brake 
s izes  and the  need t o  i n c r e a s e  t h e  wear r e s i s t a n c e  of t i r e  t r e a d s .  An i n -  
crease i n  t h e  aerodynamic r e s i s t a n c e  of  brake f l a p s  and parachutes i s  a t t a i n e d  
by a s i z e a b l e  expansion of t h e i r  a r e a ,  and consequently, o f  t h e i r  weight. I n  
a d d i t i o n ,  parachutes  a r e  unsui tab le  when t h e r e  are sidewinds and inconvenient 
f o r  repeated use.  

o r  i c e d  runways. 

Brake parachutes  i n  passenger and t r a n s p o r t  ava ia t ion  a t  
the present  t i m e  f i n d  use only i n  emergency s i t u a t i o n s ,  when landing on wet - /6 

I n  braking a i r c r a f t ,  use can a l s o  be made of engine t h r u s t  r e v e r s a l ,  a f -  
fording a reduct ion i n  landing run d is tance .  
a t t a i n e d  by d e f l e c t i n g  t h e  t u r b o j e t  engine gases i n  the oppos i te  d i r e c t i o n  i n  
so-ca l led  reversers  ( t h r u s t  r e v e r s e r s ) .  The landing run d i s t a n c e  of a i r c r a f t  
equipped with reversers  becomes considerably l e s s  than when braked only with 
whee 1 brakes . 

Producing negat ive  t h r u s t  is 

Thrust r e v e r s a l  proves t o  be an e s p e c i a l l y  e f f e c t i v e  means o f  braking a t  
low c o e f f i c i e n t s  of  f r i c t i o n  of wheel t reads  on runways, f o r  example, when 
landing on wet o r  i c e d  runways. I n  these  cases wheel braking i s  n o t  only 
i n e f f e c t i v e ,  b u t  a l s o  hazardous, therefore  revers ing  t u r b o j e t  engine t h r u s t  
proves t o  b e  the only way of slowing down the  a i r c r a f t  (excluding f i x e d  re- 
ta rd ing  devices) .  Thus, under severe  meteorological condi t ions s a f e t y  i s  
a l s o  increased  when t h e  p lane  lands a f t e r  touchdown. 

The r e v e r s e r  can b e  used under any engine performance condition--from low 
t o  m a x i m u m  t h r o t t l e .  
affords a more p r e c i s e  landing approach and increases  by 3-4 times the  g l i d e  

Inc lus ion  o f  t h e  reverser when climbing an a i r c r a f t  

2 



angle compared with t h e  usual  value.  
with a r e v e r s e r  a l s o  i n  t h e  hold p a t t e r n  when landing. 
f e a s i b l e  t o  achieve f u r t h e r  shortening, oif ‘the landing d is tance  of t h e  a i r -  
c r a f t .  
b r i n g  t h e  a i r c r a f t  i n  on t h e  second t u r n  around from the g l i d e  s e c t i o n .  

I t  i s  p o s s i b l e  t o  brake an aircract 
A l l  t h i s  makes i t  

In  t h e  event o f  improper landing approach i t  becomes p o s s i b l e  t o  

Engines without reversers  opera te  upon landing a t  low rpm, and t h e  pick-  
up c a p a b i l i t y  of  j e t  engines not  be ing  high enough does not  a f f o r d  a s u f f i c -  
i e n t l y  l a r g e  increase  i n  t h r u s t  t o  t h e  l e v e l  needed f o r  t h e  climb. 
trast, t h e  time requi red  t o  change from reverse t o  p o s i t i v e  t h r u s t  o f  t u r b o j e t  
engines f i t t e d  wi th  r e v e r s e r s  is  1-2 seconds. The r e v e r s e r  can b e  used i n  
braking a i r c r a f t  a l s o  i n  the event it is  necessary t o  abor t  the takeoff  run. 

I n  con- 

Reversers can be used i n  braking a i r c r a f t  a l s o  i n  mid- f l igh t ,  f o r  example, 
i n  approaching zones with unfavorable meteorological conditions o r  i n  accident  
s i t u a t i o n s .  Thus, r e v e r s e r s  o f  t u r b o j e t  engines are a universa l  braking 
device.  I n  addi t ion ,  when braking with r e v e r s e r s  wear on the  t r e a d  of  a i r -  
c r a f t  landing gear is considerably reduced. 

Reversers increase  the  weight and cos t  o f  an a i r c r a f t ,  complicate i t s  - / 7  
construct ion and p i l o t i n g ,  bu t  these  disadvantages a r e  s l i g h t  compared t o  t h e  
ind isputab le  b e n e f i t s  from using these  devices .  A convincing demonstration 
of t h i s  i s  t h e  wide use of  reversers  i n  braking when landing passenger and 
t ranspor t  j e t  a i r c r a f t  f o r  which quest ions o f  s a f e t y  ( i n  p a r t i c u l a r ,  i n  land- 
ing) a r e  of paramount importance. 

The f irst  p a r t  o f  t h e  book dea ls  with r e v e r s e r s .  

Another avenue t o  reducing t h e  landing run d is tance  and a l s o  a device t o  
reduce takeoff  d i s tance  i s  t h e  use of  t u r b o j e t  engines t o  produce a l i f t  on 
a i r c r a f t  capable of s h o r t  and v e r t i c a l  takeoff  and landings (VTOL). These 
a i r c r a f t  so lve  the  problem o f  a i r p o r t l e s s  basing and increase  the  mobil i ty  o f  
modern a v i a t i o n ,  f ind ing  considerable  acceptance i n  recent  y e a r s .  A i r c r a f t  
capable of landing on small, unequipped areas  and tak ing  o f f  from these  s i t e s  
can d e l i v e r  passengers and cargo t o  loca t ions  t h a t  are hard t o  g e t  t o  o t h e r -  
wise.  The importance of a i r c r a f t  with v e r t i c a l  t akeoff  and landing i n  m i l i -  
t a r y  a p p l i c a t i o n  is e s p e c i a l l y  g r e a t  owing t o  t h e  high v u l n e r a b i l i t y  of  todays 
a i r p o r t s  during wartime. VTOL power p l a n t s  a r e  equipped with d e f l e c t i n g  de- 
v ices  t h a t  a f f o r d  d ivers ion  o f  exhaust gases of  t u r b o j e t  engines downward and 
a l s o  t h e i r  d e f l e c t i o n  forward. Thus, t h e  d e f l e c t i n g  devices can be used i n  
t a k e o f f ,  landing, and i n  h o r i z o n t a l  f l i g h t  of aircraft .  Turbojet  engines with 
d e f l e c t i n g  devices a r e  a l s o  c a l l e d  l i f t -main  ( l i f t - s u s t a i n e r )  engines.  

V e r t i c a l  t akeoff  and landing o f  a i r c r a f t  are a l s o  made p o s s i b l e  by using 
s p e c i a l ,  so-ca l led  l i f t ,  engines loca ted  v e r t i c a l l y  on t h e  a i r c r a f t .  I n  con- 
trast t o  l i f t  engines intended only f o r  h o r i z o n t a l  a i r c r a f t  f l i g h t ,  these  a r e  
c a l l e d  main ( s u s t a i n e r )  engines .  To use the  t h r u s t  o f  l i f t  engines i n  s h o r t -  
ened takeoff  and landings and t o  a c c e l e r a t e  a i r c r a f t  these  engines are a l s o  
equipped with devices  f o r  d e f l e c t i n g  t h e  j e t  exhaust.  Such l i f t  engines a r e  
sometimes c a l l e d  l i f t - b o o s t e r  types.  Def lec t ing  devices on l i f t  engines may 
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\ 
no t  i n  p r i n c i p l e  d i f f e r  from those use8 f o r  l i f t -ma in  engines ,  however, i n  
l i f t  engines a sma l l e r  j e t  exhaust r o t b t i o n  angle  is requi red .  

Increasing the  f l i g h t  c e i l i n g  o f  a i rcraf t  leads t o  aerodynamic cont ro l  
sur faces  becoming o f  low e f f i c i ency .  The reason f o r  t h i s  is the drop i n  the  
a i r  dens i ty  and, as a consequence, the  reduct ion  of  aerodynamic forces  appl ied 
t o  the  cout ro l  su r f aces .  A t  low f l i g h t  v e l o c i t i e s  the  e f f i c i ency  o f  aero- 
dynamic cont ro l  su r f aces  is a l s o  lowered. We know t h a t  some modern f i g h t e r s  / 8  
become hard  t o  cont ro l  a t  v e l o c i t i e s  approaching t h e  landing speed. The con- 
t r o l a b i l i t y  of v e r t i c a l  t akeoff  a i r c r a f t  a t  zero o r  near  t o  zero f l i g h t  velo- 
c i t i e s  i s  a se r ious  problem. 
ing  devices of turbotude engines can a l so  be used t o  cont ro l  a i r c r a f t  under 
condi t ions when aerodynamic forces  opera t ing  on cont ro l  su r f aces  a re  small. 

Deflect ing devices  of l i f t -ma in  and l i f t - t u r b o j e t  engines a r e  examined 

- 

In  addi t ion  t o  exhaust cont ro l  su r f aces ,  deflect+ 

i n  the second p a r t  o f  t he  book. 
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CHAPTER I 

TURBOJET E N G I N E  THRUST R E V E R S E R S  

9 1 .  Present  S ta tus  of Research and Development of Reversers 

The first t u r b o j e t  engine reverser was b u i l t  i n  the  Soviet  Union. 

I n  1948 S.  V. Vorozhbiyev and o t h e r s  under t h e  leadersh ip  of V .  Y a .  
Klimov b u i l t  a reverser f o r  t h e  RD-45 engine.  
were loca ted  af t  of t h e  e x i t  s e c t i o n  of  t h e  j e t  nozzle  (Figure 1 . 1 ) .  When they 
were r o t a t e d  t h e  gases were expel led i n  two d i r e c t i o n s .  
p o s i t i o n  t h e  s h u t t e r s  were s a t i s f a c t o r i l y  encompassed wi th in  t h e  dimensions of 
the  t a i l  end of  t h e  a i r c r a f t .  The device was designed t o  brake an a i r c r a f t  
upon landing and a l s o  as  a device t o  increase  engine a c c e l e r a t i o n  a f ford ing  a 
rap id  change i n  t h r u s t  l e v e l .  Stand and f l i g h t  t e s t s  of  t h e  engine conducted 
i n  1949 showed the p o s s i b i l i t y  of achieving reverse  c o e f f i c i e n t s  of  0 .  35-0.401. 
Opening up o f  the  s h u t t e r s  i n t o  the  working p o s i t i o n  took 1-1.5 seconds. 

Tko s h u t t e r s  of t h e  reverser 

I n  the  non-operative 

Figure 1 . 1 .  Reverser on t h e  RD-45 
E n g i n e  a t  t h e  F l i g h t  Laboratory. 
. - - - . - . - _ _  - - 

In  1948 V .  Ye. Medov and G .  P .  
Anan'yev ran s t a n d  t e s t s  on t h e  
RD-10 engine of a device f i t t e d  a f t  
o f  t h e  t u r b i n e  and mounted t o  a 
p ipe  o f  r e c t i l i n e a r  c ross -sec t ion  
with two c o n t r o l l a b l e  s h u t t e r s  de- 
f l e c t i n g  exhaust gases forward 
(Figure 1 . 2 ) .  This device was 
viewed as a means of  increas ing  
engine acce lera t ion  and a l s o  a f ford-  
i n g  a change of  engine t h r u s t  t o  t h e  
reverse  s e t t i n g  , t h a t  i s ,  serv ing  
the funct ion of  a r e v e r s e r .  The 
t r a n s i t i o n  from f u l l  p o s i t i v e  t o  
maximum negat ive t h r u s t  took about 
1 second, and from negat ive t o  
p o s i t i v e  t h r u s t ,  even shor te r - -0 .7  
s e c .  A reverse  c o e f f i c i e n t  o f  0.24 
was achieved. However, i n  experi-  
ments involving r o t a t i n g  s h u t t e r s  
i n t o  the  working p o s i t i o n  an in-  
c rease  i n  temperature and pressure  

- 

1 Below w e  w i l l  c a l l  t h e  r a t i o  of t h e  nega t ive  thrus-at the nozzle  t o  
t h e  p o s i t i v e  t h r u s t  €or the  same engine r p m  levels  and the same degree o f  pres- 
s u r e  reduct ion i n  the j e t  nozzle  the reverse c o e f f i c i e n t  (degree) and l a b e l  
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of the gases a t  the j e t  nozzle  and t h e  reduct ion of  engine rpm l e v e l  were ob- 
served.  As a consequence of  gas leaks caused by design and production s h o r t -  
comings, l o s s e s  i n  d i r e c t  t h r u s t  produced by the  engine amounted t o  4.5%. 

Figure 1 . 2 .  
V i e w  from J e t  T a i l p i p e .  

Reverser Invest igated on t h e  RD-10 E n g i n e :  a ,  S i d e  V i e w ;  b y  

I n  1949 A .  V .  Chesalov, A .  I .  P r u t  and S .  S .  F i l l e r  developed two schemes 
of reversers  and conducted s t a n d  t e s t s  on RD-10 engines f i t t e d  with reversers  
(Figure 1.3) . 

17 

Figure 1.3. Reversers Invest igated on t h e  
RD-10 Engine w i t h  Rectangular Cross-Section 
Nozzles: 1 ,  W i t h  a r e f l e c t o r  ( R r e v  = 0 .67) ;  
I I, , W i  t h  T i  1 t i n g  Shut te rs  (Erev = 0.57) .  

A number o f  reversers  
were s tudied  on t u r b o j e t  
engines by A .  I . P r u t  (Fig.  
1 . 4 ) .  F l i g h t  tests o f  
scheme I11 conducted a t  the  
f l i g h t  labora tory  showed 
t h a t  a t  r p m  l e v e l s  c lose t o  
t h e  nominal value t h e  en- 
gine performance condi t ions 
when the  t h r u s t  was re- 
versed remained unchanged, 
while a t  lower rpm l e v e l s  
an increase  i n  g a s  tempera- 
t u r e s  i n  the nozzle  and 
decrease i n  engine r p m  were 
observed. The p o s s i b i l i t i e  
of using reversers  i n  . - .  

braking a i r c r a f t  i n  landing 
and i n  f l i g h t  were a l s o  - /11 

examined and t h e  p r i n c i p a l  requirements placed on reversers  were formulated. 

Thus, even i n  e a r l y  domestic s t u d i e s  t h e  p o s s i b i l i t y  o f  reaching high 
reverse  c o e f f i c i e n t  values  was demonstrated. However, increase  i n  pressure  and 
temperature of  gases i n  t h e  j e t  nozzle when c e r t a i n  r e v e r s e r s  were incorporated 
i n t o  t h e  a i r c s a f t  layout ,  assoc ia ted  with inadequate flow through s e c t i o n s ,  
made it  impossible t o  use t h e s e  developments i n  a p r a c t i c a l  way. This was a l s o  
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promoted by . the  u n s a t i s f a c t o r y  design eKecution of most o f  the layouts s t u d i e d .  
Ea ter ,  i n t e r e s t  i n  work on reversers lagged and no new s t u d i e s  were c a r r i e d  out, 

Figure 1 . 4 .  
Shutters  i n  t h e  E jec tor  ( R  = 0 . 3 0 ) ;  I I , W i t h  T i  l t i n g  Shut ters  on t h e  Con- 

s t r i c t i n g  Nozzle (E 
Section o f  t h e  Exhaust Passage (z 
Reverser and J e t  Nozzle (Erev = 0 . 5 7 ) .  

Reversers Invest igated on t h e  R D - I O  E n g i n e :  I ,  W i t h  Spherical  

= 0 . 1 2 ) ;  1 1 1 ,  W i t h  T i l t i n g  Shut te rs  a t  t h e  Diffuser  
rev 

rev 
= 0 . 6 5 ) ;  I V ,  W i t h  T i l t i n g  Shut te rs  o f  t h e  rev 

Since approximately 1954 work on reversers  conducted i n  t h e  United S t a t e s ,  
France, Great B r i t a i n ,  and Switzer land by many f i r m s  over  a per iod  of  severa l  
years  began t o  be known from the  fore ign  p e r i o d i c  l i t e r a t u r e .  

Several  schemes o f  reversers  were proposed t h a t  provided high reverse  
c o e f f i c i e n t  values and an appl icable  design execution of  t h e  reversers  i n  
engines.  Designs were developed f o r  r e v e r s e r s  of a v a r i e t y  o f  schemes intended 
f o r  t u r b o j e t  engines and bypass engines i n s t a l l e d  on j e t  a i r l i n e r s .  A t  p r e s e n t  
a i r l i n e r s  of  the United S t a t e s  (Boeing 707, Douglas DC-8 and DC-9, Convair 990 
and o t h e r s )  , Great B r i t a i n  (Comet) and France (Caravel le) ,  and s e v e r a l  t ransport  
a i r c r a f t  have reversers  used i n  braking a i r c r a f t  during landing runs a f t e r  
touchdown. 

A d i s t i n c t i v e  f e a t u r e  of many fore ign  r e p o r t s  i s  t h e i r  a d v e r t i s i n g  s l a n t .  
F o r  example, sometimes only t es t  d a t a  is  given i n  t h e  form of  reverse  coef- 
f i c i e n t s  obtained.  We w i l l  l i m i t  ourselves  here  t o  recounting only t h e  f u l l e s t  
s t u d i e s .  The study [26] examines general  considerat ions on t h e  p o s s i b i l i t i e s  
o f  using reversers  , on t h e i r  cons t ruc t ion  p r i n c i p l e s  , on weight and requirements 
f o r  r e l i a b i l i t y  and r e v e r s e r  cont ro l  systems. General ques t ions  assoc ia ted  with 
s e l e c t i o n  and design of r e v e r s e r s ,  problems cropping up i n  t h e i r  use on a i r -  
c r a f t  a r e  t h e  s u b j e c t  o f  the  a r t i c l e s  [25-371. 
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A d e s c r i p t i o n  o f  s p e c i f i c  designs o f  r e v e r s e r s  can b e  found i n  t h e  f o l -  
lowing s t u d i e s  [20, 22, 25, 28, 32, 40, ad;, 461. Experience i n  f i n a l  ad jus t -  
ment, operat ion,  and t e s t i n g  of  r eve r sep  011 aircraft  i s  h ighl ighted  in  t h e  
s t u d i e s  [22, 28, 33, and 451. Noteworthy i s  a r t ic le  [30] i n  which t h e  problem 
of  using a parachute  f o r  braking when landing heavy j e t  a i r l i n e r s  is taken up. 
Based on c a l c u l a t i o n  es t imates ,  it i s  shown i n  t h e  a r t ic le  t h a t  t h e  main ad- 
vantage of  t h e  brake  parachute  compared with t h e  reverser i s  the  s u b s t a n t i a l  
weight reduct ion,  and under c e r t a i n  condi t ions opera t ing  out lays  as w e l l .  

Not one o f  t h e  s t u d i e s  we c i t e d  contained d a t a  t h a t  could s e r v e  as t h e  
b a s i s  f o r  developing r e v e r s e r s  even of  t h e  types descr ibed.  The s tudy [38] i n  
which r e s u l t s  a r e  given o f  s t u d i e s  o f  r e v e r s e r s  o f  d i f f e r e n t  types b u i l t  on 
models a l s o  lacks  such information. 

I n  1955 research  on reversers  w a s  resumed i n  t h e  USSR. S tudies  began t o  
be conducted on models. I n  several engine experimental-design bureaus designs 
were worked up f o r  a v a r i e t y  of  reverser schemes appl ied  t o  s p e c i f i c  engines.  

engines and under t h e  superv is ion  of  N .  D .  Kuznetsov f o r  bypass engines.  
Reversers were b u i l t  under t h e  supervis ion o f  S .  K.  Tumanskiy f o r  t u r b o j e t  - /13 

I n  recent  years  s e v e r a l  s t u d i e s  have appeared i n  domestic l i t e r a t u r e ,  
mainly o f  the  c a l c u l a t i o n - t h e o r e t i c a l  kind,  on t u r b o j e t  engine reversers  [ 2 ,  8, 
9 ,  10, 11, 1 2 ,  16, 17 and 181. 

We m u s t  no te  t h a t  i n i t i a l l y  reversers  were developed f o r  m i l i t a r y  a i r -  
craft  ( f i g h t e r s ) .  F l i g h t  tests were made o f  f i g h t e r s  with r e v e r s e r s .  Thus, 
f o r  example, one o f  t h e  reverser designs of the  SNECMA f i r m  (France) w a s  used 
as a i r  brakes a t  M = 0.9 and had a s u b s t a n t i a l  effect .  
demonstrations of  the  operat ion o f  a r e v e r s e r  was he ld  i n  1953. 
LeBourget a i r p o r t  (Par i s )  t h e  De-Havilland Vampire a i r c r a f t  with a Goblin 
engine t raversed  t h e  a i r p o r t  fac ing  backwards [34]. 

One of  the  f irst  p u b l i c  
A t  the  

The ques t ion  of  t h e  value o f  using reversers for t u r b o j e t  engines on 
m i l i t a r y  a i r c r a f t  a t  p r e s e n t  i s  under d iscuss ion .  
no t  found use i n  m i l i t a r y  a i rcraf t  i s  accounted f o r  i n  our  view by the  possib-  
i l i t y  of  insur ing  braking when landing m i l i t a r y  a i r c r a f t  by using wheel brakes,  - /14 
wheel parachutes ,  and o t h e r  devices .  I n  fact ,  problems o f  s a f e t y  i n  landing 
f o r  m i l i t a r y  a i r c r a f t  a r e  of less importance than f o r  c i v i l i a n .  I n  addi t ion ,  
the  r e l a t i v e  increase  i n  the  weight o f  t h e  aircraft  is o f  s u b s t a n t i a l  import- 
ance, which f o r  a given r e v e r s e r  weight is considerably g r e a t e r  €or severa l  
types of m i l i t a r y  a i r c r a f t  than f o r  c i v i l i a n .  

The f a c t  t h a t  r e v e r s e r s  have 

Development o f  power p l a n t s  f o r  m i l i t a r y  a i r c r a f t  i s  proceeding, moreover, 
along the l i n e  o f  b u i l d i n g  l i f t -main  engines with devices d e f l e c t i n g  exhaust 
gases i n  d i f f e r e n t  d i r e c t i o n s  and used both i n  takeoff  and landing, as well as 
i n  hor izonta l  f l i g h t .  
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92. Effect iveness  of Thrust  Reversal When Braking A i r c r a f t  i n  Landing and 
F1 ight  

Thrust  Reversal upon Landing 

I n  order  t o  es t imate  t h e  e f fec t iveness  o f  t h r u s t  r e v e r s a l  of a t u r b o j e t  
engine, l e t  us look a t  the p o s s i b i l i t y  o f  reducing the  landing d is tance  o f  t h e  
aircraft  under a v a r i e t y  o f  condi t ions.  

L e t  us denote the  amount of  negat ive t h r u s t  produced by the t u r b o j e t  

and the  value of the d i r e c t  t h r u s t  i n  t h e  nozzle--Rnozzle. 
engine nozzle ,  neglec t ing  t h e  input  momentum of t h e  a i r  pass ing  through i t ,  

Rrev J 

We w i l l  def ine  t h e  t h r u s t  r e v e r s a l  c o e f f i c i e n t  t o  b e  t h e  r a t i o  

f o r  the  same engine rpm and f o r  t h e  same e x t e n t  o f  pressure  reduct ion 

TI* nozzle a 

We can express t h e  negat ive t h r u s t  of t h e  engine P v i a  t h e  reverse  rev 
c o e f f i c i e n t ,  input  momentum, and d i r e c t  t h r u s t  o f  the  nozzle:  

- 
R + G/g- V, - 

‘rev - Rrev nozzle  

where 

input  

G/g i s  the m a s s  a i r  expendi ture  through t h e  engine; 

V i s  a i r  speed o f  a i r c r a f t .  

S u b s t i t u t i n g  t h e  nozzle t h r u s t  f o r  the t h s u s t  o f  t h e  engine P and the  
momentum, we g e t  

I n  ca lcu la t ions  we w i l l  assume t h a t  t h e  r e v e r s a l  c o e f f i c i e n t  zrev when 

V v a r i e s  from landing speed t o  h a l t i n g  o f  aircraft  w i l l  not depend on t h e  air- 
craf t  f l i g h t  v e l o c i t y  and w i l l  equal t h e  reversal c o e f f i c i e n t  when V = 0 and 
f o r  t h e  corresponding engine rpm. 

/15 

Let us denote t h e  r a t i o  of t h e  engine t h r u s t  i n  t h e  landing run P t o  t h e  
t h r u s t  when running i n  a f ixed  p o s i t i o n  Po by f l  = P/Po, and a i r  expenditure 

9 
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through the  engine c lose  t o  the  e a r t h  aS the  func t ion  of t h e  M number i n  the  
landing run w i l l  be represented  wi th  the  a i d  o f  the funct ion f2 = G/GO, where 

G = expenditure of  a i r  through the engine when running i n  p l ace .  0 
S u b s t i t u t i n g  the  corresponding expressions i n t o  equation (1.1) , we f i n a l -  

l y  obta in  f o r  the  nega t ive  t h r u s t  of the  engine 

where the r ight-hand member depends only on the  landing ve loc i ty  of t he  a i r -  
c r a f t .  

In  add i t ion ,  t he  force  of aerodynamic r e s i s t a n c e  w i l l  opera te  on the  ais- 
c r a f t  i n  the landing run 

and the  fo rce  of  f s i c t i o n  

where cx, c = aerodynamic c o e f f i c i e n t s  of r e s i s t a n c e  and l i f t ;  
Y 

p = dens i ty  of air;  
S = wing span area  of the  a i r c r a f t ;  

Q = weight of  a i r c r a f t  upon landing;  

l~ = c o e f f i c i e n t  of  f r i c t i o n .  

We w i l l  w r i t e  t h e  equation of  the motion o f  t he  a i r c r a f t  upon landing i n  
the  following form: 

A f t e r  s u b s t i t u t i n g  expressions f o r  X ,  F and Prev i n t o  equat ion (1.3) and 

seve ra l  t ransformat ions ,  we g e t  the acce le ra t ion  X of  the  a i r c r a f t  as a func- 
t i o n  of i t s  f l i g h t  v e l o c i t y  

10 



Ahere K = c / c  

P = Po/Q 

= aerodynamic c h a r a c t e r i s t i c  o f  a i r c r a f t  i n  landing run; 

= thrust- to-weight  r a t i o  of  aircraft ,  t h a t  i s ,  t h e  r a t i o  o f  
Y X  - 

t h e  engine t h r u s t  t o  a i r c r a f t  weight; 

= P / G  = s p e c i f i c  t h r u s t  of engine, t h a t  i s ,  the  t h r u s t  o f  t h e  /16 
0 0  P 

' spec i f ic  
- 

engine r e i a t e d  t o  t h e  a i r  passing through the  engine; 

= s p e c i f i c  wing loading. 
- 
Q = Q/S 

The landing run d is tance  f o r  the  a i r c r a f t  upon landing a t  a ve loc i ty  
up t o  complete s t o p  'landing 

Knowing t h e  c h a r a c t e r i s t i c s  of t h e  engine and the  aircraft  i n  landing it 
i s  easy t o  determine t h e  landing run d is tance  by numerically i n t e g r a t i n g  equa- 
t i o n  (1.4) .  vary s l i g h t l y  with change i n  v e l o c i t y  from 

'landing 
ing  run, then equat ion (1.4) can be i n t e g r a t e d  a n a l y t i c a l l y  

I f  funct ions f l  and f 2 
t o  zero and i f  they can be s u b s t i t u t e d  by average values f o r  t h e  land- 

where for b r e v i t y ,  i t  i s  denoted: - 

VH = v e l o c i t y  o f  aircraft  a t  t h e  moment t h a t  t h e  r e v e r s e r  and brakes a r e  

switched on. 
''H I/@- 4-4C 

Expanding i n  t h e  series - (2c 4- B V ~ ~ )  and r e t a i n i n g  only t h e  
first member o f  t h e  series,  w e  a r r i v e  a t  an approximational formula f o r  

6 
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c a l c u l a t i n g  t h e  aircraft  landing run dibtance:  

If t h e  brakes and r e v e r s e r  are switched on n o t  a t  t h e  moment o f  landing a t  
b u t  af ter  the aircraf t  has  slowed down t o  some v e l o c i t y  o r  t h e  ‘landing’ 

devices a r e  not  switched on simultaneously,  t h e  i n t e r v a l  i n  which equation 
(1.4) is  i n t e g r a t e d  m u s t  b e  divided up i n t o  t h e  appropr ia te  s u b i n t e r v a l s  

where, f o r  example, V = v e l o c i t y  a t  which the  r e v e r s e r  i s  switched on; V = /17 1 .. .. 2 
= v e l o c i t y  a t  which t h e  brakes a r e  connected; x x = slowing down of  t h e  a i r -  

c r a f t  over t h e  appropr ia te  landing run s e c t i o n s .  
1’ 2 

S u b s t i t u t i n g  mean values f o r  the expressions f l ,  f 2 ,  1 ~ ,  and K i n  each 

i n t e g r a t i o n  i n t e r v a l  and i n t e g r a t i n g  by s u b i n t e r v a l s ,  we can obta in  an approxi- 
mational expression f o r  c a l c u l a t i n g  t h e  landing d is tance  run with high pre-  
c i s i o n .  Thus, i n  t h e  case o f  two i n t e g r a t i o n  s u b i n t e r v a l s  we ob ta in  t h e  f o l -  
lowing approximational expression f o r  c a l c u l a t i n g  t h e  length  o f  t h e  a i rcraf t  
landing run: 

i L=-- I In CI  + BIVZ + A i v i  ~- 2Bl (Vz-- VI)- 
2gAl [ CI -1 BlV,+ A1V: X I +  2Al V ~ V I +  B (V2 + VI) 

The r e s u l t s  o f  c a l c u l a t i o n  by t h e  approximational formulas (1.6) and 
(1.8) agree wel l  with t h e  r e s u l t s  o f  c a l c u l a t i o n  by t h e  graphical  method using 
equations (1.4) and (1.7) . 

The r e s u l t s  of t h e  c a l c u l a t i o n s  of  t h e  a i r c r a f t  landing run length by 
the  graphical  method f o r  equat ion (1.4) f o r  va lues  of  s p e c i f i c  wing loading 
= 300 and 600 kg/m2 a r e  given i n  Figure 1 . 5  f o r  d i f f e r e n t  thrust- to-weight  
r a t i o s .  

= 

The values of  t h e  func t ion  f l  were taken from the  s tudy  161 f o r  t h e  com- 
= 8 and t h e  temperature ahead of  t h e  p r e s s o r  compression exponent TI* 

tu rb ine  1,200”K. 

can b e  w r i t t e n ,  t o  the f i rs t  approximation as f2  = ( 1  + 0.2M2)2-5 . 

compressor 
The func t ion  f2  i n  t h e  v e l o c i t y  range from Vlanding t o  zero 
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The l i f t  c o e f f i c i e n t  c is taken as equal t o  u n i t y .  The landing run 

dis tance  does not  inc lude  t h e  s e c t i o n  of the  a i r c r a f t  landing run from t h e  
touchdown poin t  (V 

on (V,), which f o r  modern a i r c r a f t  can amount t o  200-300 m. 

Y 

) t o  the  moment t h e  reverser and brakes a r e  switched 1 anding 

I t  i s  c l e a r  from Figure 1 . 5  t h a t  t h r u s t  reversal w i l l  l ead  t o  a sharp re- 
duction i n  landing run d i s t a n c e ,  and from 60-80% of t h i s  reduct ion compared t o  
t h e  landing run d is tance  when braking s o l e l y  with wheel brakes w i l l  b e  a t t a i n e d  
for a reverse  c o e f f i c i e n t  equal t o  about 0 .6 .  

L M  

2000 

1500 

7000 

501 

0 

Figure 1.5 
a s  a Funct 
S p e c i  f i c W 
m2 and f o r  
Ratios To: 
t i c  K = 7 ,  

'. .-\ 

The g r e a t e s t  e f f e c t  on 
t h e  e f f i c i e n c y  i n  t u r b o j e t  
engine t h r u s t  revers ing  i n  t h e  
landing run i s  exer ted  by t h e  
thrust- to-weight  r a t i o  of t h e  
a i r c r a f t ,  an increase  i n  t h e  
l a t t e r  r e s u l t i n g  i n  g r e a t e r  
reverse  e f f i c i e n c y .  For a 

= 0 . 6 ,  = 300 kg/m2, and 

Po  = 0 . 4 ,  the  landing run d i s -  

tance  owing t o  thrust r e v e r s a l  
w i l l  b e  reduced by 58%, and 
f o r  To = 0.8 ,  by 75% compared 

with t h e  landing run dis tance  
when only wheel brakes a r e  
used. Var ia t ion  i n  t h e  aero- 

- r e v e r s a l  c o e f f i c i e n t  ii- - 
reverse  

- 

dynamic c h a r a c t e r i s t i c s  o f  t h e  
a i r c r a f t  has b u t  a s l i g h t  
e f f e c t  on landing run dis tance.  

Q= 3 00 kg / M 
From the  foregoing example - /18 

of  c a l c u l a t i n g  t h e  landing - ~. I - 

0,ZS 0, 5 9 75 I? run d i s t a n c e  of an a i r c r a f t  i n  rey 
t h e  event o f  landing on an 
iced-over  a i r p o r t ,  landing on 
ice ,  o r  malfunctioning of  
wheel brakes  (1-1 = 0.02)  i t  i s  
a l s o  clear t h a t  t h r u s t  rever-  
sa l  i s  a h ighly  e f f e c t i v e  
means of braking.  Even f o r  a 
reversal c o e f f i c i e n t  Krev = 

A i r c r a f t  Landing Run Distance 
on of Reverse Coeff ic ien t  f o r  
ng  Loading 
Dif fe ren t  Thrus t- to-Wei g h t  

, A i  rc ra f  t Character is-  

Fr ic t ion  Coeff ic ien t  1-1 = 0 .2 ;  

= .300 and 600 kg/ 

, K = 5 ,  p. = 0.2; - . - - 0.1,  landing run d i s t a n c e  i s  ------ 
K , =  7, p = 0.02. 
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n o t  g r e a t e r  than when t h e  a i rcraf t  i s  bxaked under normal condi t ions j u s t  with 
wheel brakes,  t h a t  i s ,  when E = 0. rev  

Thrust Reversal i n  F l i g h t  

Thrust  r e v e r s a l  o f  an engine can a l s o  prove t o  be an e f f e c t i v e  means o f  
braking an a i r c r a f t  i n  f l i g h t ,  thus f a c i l i t a t i n g  maneuvering of  the a i r c r a f t  - / 19 
a t  high v e l o c i t i e s ,  and reducing t h e  time requi red  f o r  braking t h e  a i r c r a f t  
down t o  landing speed. 

A t  the  present  t i m e  brake f l a p s  a r e  used i n  brak ing  an a i r c r a f t  i n  f l i g h t  
when maneuvering. However, design-wise i t  i s  an involved problem t o  l o c a t e  
f l a p s  with an a rea  of more than 5-7% o f  wing area on an a i r c r a f t .  

- /Q,  t h a t  is ,  t h e  r a t i o  o f  the  force  - ' flap the overload they produce nflap 

a c t i n g  on t h e  f l a p s  t o  t h e  a i rcraf t  weight,  can with increas ing  thrust-to-weight 
r a t i o  of the  a i r c r a f t  prove t o  b e  less than t h e  overload t h a t  can b e  produced 
by using engine t h r u s t  r e v e r s a l .  

Therefore,  

The expression f o r  the  negat ive t h r u s t  produced by an engine i n  f l i g h t  
d i f f e r s  from t h e  corresponding expression f o r  t h e  landing run by t h e  f a c t  t h a t  
the former takes  i n t o  account t h r u s t  and a i r  consumption as a funct ion o f  a l t i -  
tude and f l i g h t  v e l o c i t y :  

where f 3  = engine t h r u s t  as  a funct ion o f  a l t i t u d e ;  

f = a i r  consumption as a funct ion o f  a l t i t u d e ;  

M = f l i g h t  Mach number; 

a = v e l o c i t y  o f  sound a t  the  given a l t i t u d e ;  

4 

= c o e f f i c i e n t  of pressure  recovery a t  engine i n l e t .  
' in le t  

The funct ion f a t  constant engine r p m  [ 6 ]  is  approximately equal  t o  t h e  4 
r a t i o  of  the  dens i ty  p a t  t h e  given a l t i t u d e  t o  the d e n s i t y  p 

f = A = p/p F o r  s i m p l i c i t y ,  we can assume t o  t h e  first approximation t h a t  

f = f ( a c t u a l l y  up t o  t h e  a l t i t u d e  H = 11 km engine t h r u s t  i s  reduced some- 

what more slowly than a i r  consumption). 

a t  s e a  l e v e l  0 

4 0 '  

3 4  

When tak ing  i n t o  account t h r u s t  as a func t ion  o f  a l t i t u d e ,  t h e  overload 
produced by engine equipped with t h r u s t  r e v e r s e r s  

14 



Maa i n l e t  
n 

rev 9 

The overload produced by means o f  f l a p s  as 
f l i g h t  v e l o c i t y  can b e  represented by the  following 

c,k hIz - T 
f l a p  2Q TO 

n =- s f l a p  P o A - ,  

('rev + l ) f z ] . A :  (1.9) 

a func t ion  o f  a l t i t u d e  and 
formula 

(1.10) 

where po and To = pressure  and temperature a t  s e a  leve l ;  

= r a t i o  of  f l a p  a r e a  t o  wing area;  ' f lap 

k = C /C  = r a t i o  of s p e c i f i c  h e a t  c a p a c i t i e s .  
P V  

Equating expressions (1.9) and (1.10) we can f i n d  the  value of  t h e  / 2  0 - 
= n  i s  sat is-  a t  which the  e q u a l i t y  nreverSe f l a p  thrust- to-weight  r a t i o  

f i e d  as a funct ion of M number and s p e c i f i c  load G: 0,  

T - 
- CxkPoM2S f l  To 

- 2 .. -_- 
(1.11) I '  2Q IflRrel+ Ma(R,ev+,f2 

PO*= - 
P 
Ospeci f i c 9 

When > , t u r b o j e t  engine t h r u s t  reversa l  is  a more e f f e c t i v e  means 
0,  

of braking than brake f l a p s .  F o r  < brake f l a p s  a r e  more e f f e c t i v e .  I f  

we consider t h a t  the c o e f f i c i e n t  of  pressure  recovery i n  t h e  a i r  i n t a k e  f o r  

M > 1 depends on t h e  M number approximately as 1/ WJ then from a n a l y s i s  o f  
expression (1.11) i t  follows t h a t  when M + 0 and M + 00 the  value P -f 0, t h a t  

i s ,  P = f(M) has a maximum. Consequently, when Po < brake f l a p s  have 

the edge only i n n  a c e r t a i n  range of  M numbers. 

0 0 ,  

- 0, 
0, 0 ,max 

This is  graphica l ly  shown i n  Figure 1 . 6  where the  r e s u l t s  o f  c a l c u l a t i n g  
- 
P 

the  s p e c i f i c  wing loading and i n  t h e  f l i g h t  a l t i t u d e  leads t o  a reduct ion i n  
the  thrust- to-weight  r a t i o  beginning with which t h r u s t  r e v e r s a l  becomes a more 
e f f e c t i v e  means o f  braking then brake f l a p s .  The values o f  t h e  funct ions f l  

have been borrowed from d a t a  i n  and ' spec i f ic  compressor 
= 8 and t h e  temperature forward of  t h e  t u r b i n e  is  1,200'K. 

as a funct ion o f  M number a r e  presented by way of  example. An increase  i n  
0,  

- the  s tudy  [ 6 ]  when IP - 



Figure 1.6. Thrust-to-Weight Rat io ,  Be- 
g i n n i n g  w i t h  i t s  Value f o r  which Thrust 
Reversal i s  More Effec t ive  than use of 
Braking Flaps,  as a Function o f  F l i q h t  
M Number Frev = 0 . 6 ,  S f l a p  = 0.07 m 
( T h e  Solid Curves Represent Values Close 
t o  t h e  Ground L e v e l ,  t h e  Dashed Lines 
Represent Those a t  an A l t i t u d e  o f  1 1  km.) 

2 - 

Thus, t u r b o j e t  engine 
t h r u s t  r e v e r s a l  can subs tan t -  
i a l l y  reduce t h e  landing run 
d i s t a n c e  of  an aircraft  af ter  
landing and improve i t s  man& 
euvering c h a r a c t e r i s t i c s  i n  
f l i g h t .  

53. Requirements Placed on 
Reversers 

The first requirement 
placed on a r e v e r s e r  is  t h a t  i t  
ensure t h e  d e s i r e d  reverse  co- 
e f f i c i e n t ,  which is  the  main 
parameter.  The required value 
of  the  t h r u s t  reversa l  coef- 
f i c i e n t  can b e  determined by 
s t a r t i n g  from t h e  necessary 
reduct ion  i n  landing run d i s -  
tance  f o r  t h e  a i r c r a f t  when 
landing.  We can take as t h e  
minimum value of t h e  reverse  
c o e f f i c i e n t  t h e  value a t  which 
t h e  landing run d is tance  upon 
landing under unfavorable - 

winter  condi t ions (iced-over runways, landing on i c e )  using B r e v e r s e r  is re- 
duced t o  the  landing run d is tance  under favorable  summer condi t ions (dry run- 
way) when the  a i r c r a f t  i s  braked with wheel brakes (without using t h e  re- 
v e r s e r ) .  

92 of  t h i s  chapter ,  i n  analyzing ca lcu la ted  funct ions o f  a i r c r a f t  landing 
run length f o r  landing,  i t  w a s  shown t h a t  when reversers  are used the s i z e a b l e  
reduct ion i n  landing run d is tance  is a t t a i n e d  already f o r  reverse c o e f f i c i e n t s  
equal t o  about 0 .6 .  A t  l a r g e r  values of  

creases l e s s  appreciably.  On t h e  o t h e r  hand, a t t a i n i n g  h igher  values of t h e  
reverse  c o e f f i c i e n t  encounters c e r t a i n  d i f f i c u l t i e s .  In  a c t u a l  p r a c t i c e  r e -  
versers  with a reverse  c o e f f i c i e n t  g r e a t e r  than 0.5 are not  used (See Table 1). 

t h e  landing run d is tance  de- rev 

The r e v e r s e r ,  genera l ly  speaking, must n o t  have an effect  on the normal 
funct ioning of  t h e  turbo compressor group of the  engine when switching on a 
r e v e r s e r  t h e  pressure  and temperature of  gases a f t  of  t h e  turb ine  must remain 
unchanged. This requirement i s  s a t i s f i e d  by choosing the minimum passageway 
sec t ions  o f  the d e f l e c t i n g  elements o f  t h e  r e v e r s e r  t o  be o f  such dimensions 
t h a t  when the  o v e r - a l l  consumption o f  gases through them and through the  j e t  
nozzle (when t h e r e  i s  an overloading of p a r t  o f  the gases i n  t h e  s t r a i g h t  flow 
d i r e c t i o n )  f o r  .rm*ozzle = const w i l l  be  equal t o  the consumption f o r  t h e  

s t r a i g h t  t h r u s t  regime, t h a t  is , t h e  consumption c o e f f i c i e n t  crev = Grev’ 
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V 
(where G i s  the  consumption i n  reverse  regime and G i s  the 'Gno z z l e  rev nozzle  

consumption i n  s t r a i g h t  t h r u s t  regime) m u s t  b e  equal t o  uni ty .  

TABLE 1 .  B A S I C  DATA O N  R E V E R S E R S  - / 22 
. . . . . . . . . . . . . . .  - _. . .___. . . . . . . .  --- . . .  - . .  

Re 1 a t  i ve 
Weight Takeoff Rrev T y p e  and Model 

of E n g i n e  Company, Country T h r u s t ,  kg 
~~ 

~~ . . .  . ... . . .  . . .  i . L : .  . -  ~ .- 

With th ro t t l i ng  shut ters  and de f lec t ing  
the e x i t  sec t ion  of the  j e t  nozzle  

Avon RA-29 Turbojet  

Conway Bypass Eng i n e  
RCo. 1 2  

RCo. 42 

RCo. 43 

E n g i n e  

J T 3 C - 6;:;'~ T u rbo j e t 

CJ805-3 Turbojet  

Engi  n e  

E n g i n e  

With shut ters  Zocated 
CJ805-23 Bypass 

TF33-P-7 Bypass 

J T 3 C - 6 A A ;L Tu rboje  t 

"- w i t h  noise-suppressor 

Engine 

E n g i n e  

E n g i n e .  -- -. -- 

Rolls Royce, 
Great Br i ta in  

as above 

as above 

as above 

Pratt-Whi t n e y  , 
U n i t e d  S t a t e s  

General Electric,  
U n i t e d  S t a t e s  

screens Zocated ahead of 

4 , 760 0.50 0.11 

7,945-8,165 0.50 0.14;'; 
0.45 -- 9,240 

10,200 0.50 0.10 

0.40 -- 5,080 

5 , 285 0.50 0.149; 

a t  the e x i t  cross-section of the j e t  nozzle  
General E lec t r ic ,  
U n i t e d  S t a t e s  7 , 300 0.5 0.14 

Pratt-Whi t n e y ,  
Un i t e d  S t a t e s  9 ,525  
as  above 5,080 

0.45 -- 
0.43 -- 

. _ _  ....... . - _ _  

t h e  Boeing 707-120 A i r c r a f t  
J. -1. -9- ' ~ ' ~ ' ~  t h e  Douglas D C - 8 .  
T r .  Note: Commas . ind ica te  decimal po in ts .  _ _ _  __ - _ _  

I n  a c t u a l  p r a c t i c e ,  for design considerat ions i t  does not  always appear 
poss ib le  t o  s a t i s f y  the  requirement rev 
nominal engine opera t ing  regime. However, usua l ly  there  i s  t h e  p o s s i b i l i t y  o f  
switching on t h e  r e v e r s e r  with a s l i g h t  change i n  engine opera t ing  condi t ions.  
Thus, we know t h a t  some r e v e r s e r s  a r e  switched on not  a t  the  r a t e d  engine rpm 
s e t t i n g ,  b u t  a t  95% o f  this value.  

= 1 when ~i~~~~~ = const for t h e  

In reversers loca ted  ahead o f  the e x i t  c ross -sec t ion  of  the  j e t  nozzle ,  
a t  t h e  loca t ions  o f  contac t  of  t h r o t t l i n g  members (for example, s h u t t e r s )  with 
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t h e  j e t  p ipe  gas l o s s e s  through t h e  gaps between them are i n e v i t a b l e ,  l ead ing  
t o  a loss  i n  engine d i r e c t  t h r u s t .  S izeable  l o s s  o f  engine d i r e c t  t h r u s t  can 
a l s o  stem from t h e  presence i n  t h e  gas channel of t h e  engine o r  p a r t s  of the  
r e v e r s e r .  I n  s e v e r a l  such schemes these  l o s s e s  can r ise  t o  5%. 

I n  reversers  d i r e c t  t h r u s t  l o s s e s  must b e  a t  a minimum. From analyzing 
experience o f  b u i l d i n g  reversers  loca ted  ahead o f  t h e  e x i t  c ross -sec t ion  of 
t h e  j e t  nozzle i t  follows t h a t  d i r e c t  t h r u s t  l o s s e s  can b e  brought t o  1%. 
r a t i o n a l  schemes of  r e v e r s e r s  loca ted  a f t  o f  t h e  e x i t  c ross -sec t ion  of  t h e  j e t  
nozzle ,  as a r u l e  t h e r e  i s  no l o s s  i n  d i r e c t  t h r u s t .  

I n  /23 

The following c h a r a c t e r i s t i c s  of  t h e  r e v e r s e r  m u s t  b e  s a t i s f i e d  as 
s p e c i f i c  requixements : reverse  c o e f f i c i e n t s  and consumption c o e f f i c i e n t s  as 
funct ions of  the  e x t e n t  o f  p r e s s u r e  reduct ion and o f  the parameter determining 
t h e  p o s i t i o n  of  the  p a r t s  t h r o t t l i n g  the  gas channel of t h e  engine.  The char- 
acter is t ics  o f  r e v e r s e r s  m u s t  be  smooth, without abrupt changes i n  d i r e c t i o n  
both i n  t h e  t r a n s i t i o n  from d i r e c t  t h r u s t  t o  nega t ive  t h r u s t ,  as well  as v i c e  
versa .  
o f  vanes which serve  t o  accomplish t h r u s t  reversal is noted i n  scheme V I 1  
( c f .  Figure l a g ) ,  descr ibed i n  54 o f  t h i s  chapter .  

A jump-like t r a n s i t i o n  from d i r e c t  t o  nega t ive  t h r u s t  with r o t a t i o n  

Choice of  t h e  scheme of  the  r e v e r s e r  and i t s  cons t ruc t ion  are governed by 
t h e  condi t ions o f  i t s  arrangement i n  t h e  engine,  and t o  a g r e a t e r  ex ten t  by 
t h e  condi t ions of engine placement on the  aircraft .  

Operation o f  r e v e r s e r s  shows t h a t  gases from t h e  r e v e r s e r  on reaching 
the  runway are r e f l e c t e d  from i t  and e n t e r  t h e  engine i n l e t ,  boost ing t h e  
temperature of  t h e  i n l e t  flow and, as a consequence, compressor s t a l l i n g .  I t  
follows from experience t h a t  it is  very d i f f i c u l t  t o  a l t o g e t h e r  exclude i n -  
ges t ion  of  heated gases a t  the engine i n l e t ,  and i n  p a r t  impossible .  
Incursion o f  gases a t  t h e  engine i n l e t  l i m i t s  t h e  opera t ing  t i m e  o f  t h e  r e -  
v e r s e r .  Therefore,  an important condi t ion f o r  r e l i a b i l i t y  o f  engine perform- 
ance when t h e  engine i s  f i t t e d  with t h e  r e v e r s e r  i s  t o  organize t h e  flow a t  
t h e  e x i t  from t h e  d e f l e c t i n g  elements of  t h e  r e v e r s e r  i n  such a way as would 
cu t  down t o  a minimum inges t ion  of  heated gases a t  engine i n l e t .  

F a i l u r e  t o  s a t i s f y  t h i s  requirement can p l a c e  t h e  engine i n  hazard of  
an acc ident .  Thus, f o r  example, i n  operat ion by the aircraft  company TCA 
(United S t a t e s )  of t h e  Douglas DC-8 passenger a i r l i n e r s  with f o u r  Conway 
Bypass engines,  upon landing with t h r u s t  r e v e r s a l  f r a c t u r e s  were observed i n  
the  s i x t h  s t a g e  of t h e  high p r e s s u r e  compressor o f  the  e x t e r n a l  engines.  
These f r a c t u r e s  were caused by s t a l l i n  when gases from the r e v e r s e r  o f  t h e  
i n n e r  engines en tered  t h e  o u t e r  engine f ,  

~~~ -~ - - ___ - 

F l i g h t ,  1961, No. 2737, p .  273. To avoid burdening t h e  l i t e r a t u r e  l ist  with 
a l a r g e  number of  no tes  containing ind iv idua l  items of  information, the ref-  
erences t o  these  are given i n  t h e  form o f  s i n g l e  l i n e  footnotes .  
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The stream escaping from t h e  r e v e r s e r  produces erosion on t h e  s u r f z c e  
o f  t h e  engine n a c e l l e  (under t h e  streap), as a consequence of which i t s  f r o n t  
p a r t  s t i c k s  t o  the  s t reaml in ing  (cf. 'Chapter V ) .  
f aces  from being s inged and contaminated when t h r u s t  reversal i s  i n  effect  
the designs o f  t h e  d e f l e c t i n g  p a r t s  o f  t h e  reversers  a r e  made so as t o  avoid 
d e f l e c t i n g  t h e  f r o n t  p a r t  o f  t h e  s t ream (S5, Chapter 1 ) .  Heated gases from 
the  r e v e r s e r  m u s t  a l s o  n o t  s t r i k e  t h e  chassis, wings, a i l e r o n s ,  and o t h e r  
p a r t s  o f  the  a i r c r a f t  design. 
effect  on design members o f  t h e  a i r c r a f t  t h r u s t  r e v e r s a l  does n o t  represent  
insurmoun t ab 1 e d i f f i c u l t i e s  . 

To prevent the a i rcraf t  sur-  /24 

Experience shows t h a t  from the viewpoint o f  

The r e v e r s e r  m u s t  have minimum dimensions i n  weight.  Ensuring minimum 
weight of t h e  r e v e r s e r  involves  major design d i f f i c u l t i e s ,  s i n c e  elements of  
r e v e r s e r  design f o r  modern t u r b o j e t  engines undergo very heavy loads.  
dimensions of  a reverser depend n a t u r a l l y  on the  magnitude of  t h e  necessary 
reverse  c o e f f i c i e n t .  As t h e  angle o f  flow e x i t  i s  reduced, t h e  reverse  co- 
e f f i c i e n t  i s  increased,  however, h e r e  t h e  minimum cross-sec t iona l  a r e a  of t h e  
d e f l e c t i n g  elements,  (connecting p i p e s ,  screens)  i s  a l s o  reduced. Therefore ,  
t o  obta in  t h e  required passage s e c t i o n s  the length and weight of t h e  r e v e r s e r  
a r e  increased .  Some optimal angles f o r  e x i t  o f  s t ream from t h e  r e v e r s e r  a t  
which the  length o f  t h e  d e f l e c t i n g  screen  w i l l  prove t o  be a t  a minimum' cor- 
responds t o  a s p e c i f i c  reverse  c o e f f i c i e n t .  

The 

The r e l a t i v e  weight o f  t h e  reversers  opera t ing  i n  foreign a v i a t i o n  i s  
approximately 12% of t h e  engine weight , and toge ther  with the noise-suppressor 
nozzle--approximately 14% (See T a b l e  1) . I n  designing reversers  these  f i g u r e s  
can be useful  f o r  o r i e n t a t i o n .  

I t  i s  d e s i r a b l e  t o  have high c o e f f i c i e n t s  a 2  o f  f u l l  p ressure  recovery 

i n  d e f l e c t i n g  elements of r e v e r s e r s .  An increase  i n  0 i n  d e f l e c t i n g  elements 

makes i t  poss ib le  f o r  given gas consumption through the  r e v e r s e r  t o  a t t a i n  
high reverse  c o e f f i c i e n t s  and, v i c e  versa  f o r  given reverse  c o e f f i c i e n t  t o  be 
l imi ted  t o  a l e s s e r  consumption of gas d e f l e c t e d  i n  t h e  reverse  d i r e c t i o n .  
The l a t t e r  f a c t  s i m p l i f i e s  e f f o r t s  t o  cont ro l  inges t ion  o f  heated gases a t  t h e  
engine i n l e t .  Increasing u a l s o  means reducing t h e  dimensions i n  weight o f  

the  r e v e r s e r  by reducing t h e  dimensions both o f  t h e  d e f l e c t i n g  as well  as o f  
the  t h r o t t l i n g  p a r t s  of t h e  r e v e r s e r s .  

2 

2 

On the  o t h e r  hand, t h e  requirement of  compactness of reversers  complicates 
execution of the s t r u c t u r e s  i n  which t h e r e  would b e  no s e p a r a t i o n  of flow and 
no s u b s t a n t i a l  losses  i n  t o t a l  p r e s s u r e .  Nonetheless,  the  present  l e v e l  of 
0 

c o e f f i c i e n t  values i n  reversers  of  d i f f e r e n t  types.  

( 6,  Chapter IV) makes i t  p o s s i b l e  t o  a t t a i n  p r a c t i c a l l y  t h e  needed reverse  /25 2 

I 
I 

~ -___ -- -. - - . - -- - .- _- - 

This problem is  taken up i n  g r e a t e r  d e t a i l  i n  92 o f  Chapter 11. 
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Taking i n t o  account t h e  high a i r d r a f t  v e l o c i t y  i n  landing, i n  o r d e r  t o  
boost  t h e  e f f e c t i v e n e s s  of  braking anq t o  i n s u r e  the p o s s i b i l i t y  o f  t h e  a i r -  
craf t ' s  approach i n  the event 
l i n g ,  t h e  t i m e  requi red  t o  a t t a i n  maxipum negat ive  t h r u s t  from complete d i r e c t  
t h r u s t ,  and v i c e  v e r s a ,  m u s t  b e  a t  a minimum. For present-day reversers  the  
switching time i s  n o t  more than 1-2  sec. ( 5,  Chapter I ) .  

Of an'uh'siiccessful landing i n  t h e  second circ- 

I n v e s t i g a t i o n s  have shown t h a t  reducing t h e  t i m e  from t h e  moment t h e  a i r -  
c r a f t  touches down t o  obtaining f u l l  reverse  t h r u s t  by 1 s e c .  i s  equivalent  
t o  increas ing  the  reverse  c o e f f i c i e n t  by about 30% [46] .  

The r e v e r s e r  must n o t  no t iceably  i n c r e a s e  t h e  l a t e r a l  r e s i s t a n c e  of the  
a i r c r a f t  and must n o t  have an e f f e c t  on t h e  s t a b i l i t y  o f  t h e  a i r c r a f t  i n  
normal f l i g h t .  Present-day reversers s a t i s f y  t h i s  requirement.  Reversers 
located behind t h e  e x i t  cross-sect ion of  the  j e t  nozzle have d e f l e c t i n g  
(screens)  o r  t h r o t t l i n g  and d e f l e c t i n g  ( s h u t t e r s )  elements housed i n  the.eng-  
i n e  n a c e l l e  o r  t h e  fuselage of t h e  a i rcraf t .  Sometimes s h u t t e r s  of  t h i s  type 
of  r e v e r s e r  a r e  p a r t  of t h e  s t r u c t u r e  of t h e  engine n a c e l l e  o r  the  fuselage 
of  the  a i r c r a f t .  I n  reversers  with d e f l e c t i n g  screens  loca ted  ahead o f  t h e  
e x i t  c ross -sec t ion  of  the  j e t  nozzle ,  the  screens sometimes a r e  covered from 
the  outs ide  by s h u t t e r s  placed f l u s h  with the cowling. However, f o r  a i r c r a f t  
with moderate f l i g h t  v e l o c i t y  t h e r e  i s  no p a r t i c u l a r  need t o  cover the  screens 
from without ,  s i n c e  with open-spaced screens ,  owing t o  t h e  s l i g h t  increase  i n  
e x t e r n a l  r e s i s t a n c e  of  t h e  a i r c r a f t ,  t h e r e  is no p r a c t i c a l  change i n  the  f l i g h t  
v e l o c i t y  of a heavy t r a n s p o r t  aircraft  [45] .  

When one o r  s e v e r a l  engines with reversers  a r e  i n s t a l l e d  on an a i r c r a f t ,  
i n  reverse  regimes no asymmetrical t h r u s t  must b e  developed as t h e  r e s u l t  o f  
which a p i t c h i n g  o r  yawing moment could b e  produced. 

The r e v e r s e r  m u s t  ensure maximum s a f e t y  and r e l i a b i l i t y  i n  operat ion and 
have adequate s a f e t y  margin. 
acc identa l  p i l o t  switching on of  t h e  r e v e r s e r s  are provided f o r  i n  the  con- 
t r o l  d r ives  o f  r e v e r s e r s .  
be less and i n  sometimes g r e a t e r  than t h e  s a f e t y  margin of t h e  engine on which 
they a r e  i n s t a l l e d .  

Necessary p r o t e c t i v e  attachments prevent ing 

I n  f a c t  t h e  margin o f  s a f e t y  of  reversers  must no t  

When t h e  r e v e r s e r  is  turned on f o r  landing i n  a g l i d e  regime, it i s  nee- 
essary  t o  p a r t i a l l y  reverse  t h r u s t .  Therefore t h e  reversers  of  engines i n -  - / 26 
s t a l l e d  on passenger  and t r a n s p o r t  a i r c r a f t  must have a t  least  a three-  
p o s i t i o n  device f o r  elements regula t ing  t h e  s i z e  of  d i r e c t  and reverse  t h r u s t :  
the  first p o s i t i o n  corresponds t o  f u l l  d i r e c t  t h r u s t  regime; t h e  second t o  
the f u l l  damping o f  d i r e c t  t h r u s t  o r  leaving i t  a t  a small  value correspond- 
i n g  t o  low t h r o t t l e  t h r u s t ;  the  t h i r d  corresponds t o  maximum negat ive t h r u s t  
regime. The p i l o t  switches from second t o  t h i r d  regime a t  t h e  moment of a i r -  
craft  touchdown ( o r  i n  2-3 seconds).  For reversers  switched on a f t e r  a i r -  
craft  landing, a two-posit ion control  dr ive  can prove adequate,  

I n  a l l  known designs o f  r e v e r s e r s  exhaust of gases occurs always from 
two s i d e s  o f  the engine (sometimes n o t  wholly symmetrical) ,  bu t  t h r o t t l i n g  o f  
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the  gas duct of t h e  engine i s  c a r r i e d  out  by two s e p a r a t e  elements.  I f  t h e  
control  d r i v a  f o r  these  t h r o t t l i n g  elements a r e  made independent, then when 
a d i f f e r e n t  amount of  gas is def lec ted  i n  t h e  reverse  d i r e c t i o n  it w i l l  appear 
p o s s i b l e  t o  use the r e v e r s e r  a l s o  t o  control  t h e  a i r c r a f t  from s i n g l e  engine,  
f o r  example, during landing on a s l i p p e r y  o r  ice-covered runway. I n  t h i s  case 
the  gas exhaust m u s t  follow a hor izonta l  p lane ,  t h a t  i s ,  along the  s i d e s  of 
t h e  a i r c r a f t ,  which can b e  e a s i l y  done i f  t h e  engine is  p laced  i n  the  fuselage.  
When severa l  engines a r e  i n s t a l l e d  i n  t h e  a i r c r a f t ,  the  cont ro l  forces  can be 
obtained by varying t h e  engine opera t ing  regime. 

Thus, when using a r e v e r s e r  t o  control  an a i r c r a f t  or t o  boost  i t s  man- 
e u v e r a b i l i t y  ( i f  the r e v e r s e r  is i n s t a l l e d  on a f i g h t e r  engine) the  cont ro l  
dr ive  must provide continuous,  s t e p l e s s  regula t ion  o f  nega t ive  t h r u s t .  

Thus, the  following requirements a r e  placed on reversers  f o r  t u r b o j e t  
engines : 

1. Attainment o f  t h e  d e s i r e d  reverse  c o e f f i c i e n t .  

2 .  Absence of any e f f e c t  on normal funct ioning of t h e  turbo compressor 
group of the engine.  Pressure and temperature of gases a f t  of t h e  t u r b i n e  
must remain unchanged. Losses i n  d i r e c t  t h r u s t  of t h e  engine when the  revers-  
e r  i s  switched o f f  must n o t  be g r e a t e r  than 1%. 

3 .  The handling c h a r a c t e r i s t i c s  must be smooth, without j k p l i k e  var ia -  
t i o n  i n  t h r u s t  and gas consumption. 

4 .  Minimum inges t ion  of heated gases i n t o  engine i n l e t  and onto s t r u c -  
t u r a l  elements of t h e  a i r c r a f t .  

5. Minimum dimensions and weight.  

6 .  The time required for converting from f u l l  p o s i t i v e  t h r u s t  t o  f u l l  
negat ive m u s t  not  be g r e a t e r  than 1-2  seconds. 

7. Minimum i n c r e a s e  i n  l a t e r a l  r e s i s t a n c e  of  t h e  a i r c r a f t ;  t h e r e  must - / 2 7  
be no e f f e c t  on a i r c r a f t  s t a b i l i t y  i n  normal f l i g h t .  

8. When one or s e v e r a l  engines are i n s t a l l e d  on the  a i r c r a f t ,  upon 
switching reversers  on, no asymmetrical t h r u s t  must be induced. 

9 .  Insurance of  maximum i n  s a f e t y  and r e l i a b i l i t y  i n  opera t ion .  

S4. C l a s s i f i c a t i o n  and P r i n c i p l e s  of  Constructing Reversers and t h e i r  General 
Character is  t i c s  

C l a s s i f i c a t i o n  and P r i n c i p l e s  of B u i  lding Reversers 

The first,  most general  c l a s s i f y i n g  f e a t u r e  i s  t h e  p o s i t i o n  of the re- 
v e r s e r  r e l a t i v e  t o  the e x i t  c ross -sec t ion  of t h e  j e t  nozzle .  The p o s i t i o n  of  
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t h e  r e v e r s e r  determines n o t  only t h e  scheme and design implementation o f  t h e  
r e v e r s e r ,  b u t  t o  a considerable  e x t e n t  i t s  gas dynamics p e r f e c t i o n .  
placed forward of t h e  e x i t  c ross -sec t ion  of t h e  gas nozzle  w i l l  b e  c a l l e d  i n  
t h i s  book Type I r e v e r s e r s ,  and those placed a f t  o f  i t  Type 11. 

Reversers 

Any r e v e r s e r  scheme has two types o f  s t r u c t u r a l  elements: t h r o t t l i n g  
elements whose purpose is covering the  gas duct and p a r t i a l  r o t a t i o n  of  t h e  
exhaust,  and d e f l e c t i n g  elements d e c i s i v e l y  r o t a t i n g  t h e  exhaust i n  t h e  re- 
verse  d i r e c t i o n  a t  a given angle a t  t h e  exhaust o u t l e t .  
and d e f l e c t i n g  funct ions a r e  f u l f i l l e d  by the same s t r u c t u r a l  elements. 

Sometimes t h r o t t l i n g  

Def lec t ing  and t h r o t t l i n g  elements a r e  l o c a t e d  u s u a l l y  i n  d i r e c t  proxi-  
mity t o  each o t h e r .  However, we know of  schemes (XIII, Figure 1.7;  111, 
Figure 1 . 9 ) ,  i n  which t h e  t h r o t t l i n g  and d e f l e c t i v e  elements are found on d i f -  
f e r e n t  s i d e s  of t h e  e x i t  cross-sect ion of  t h e  j e t  nozzle .  Therefore,  w e  m u s t  
t a k e  Type I reversers  t o  include those i n  which t h e  d e f l e c t i n g  elements are 
loca ted  forward of t h e  exhaust c ross -sec t ion  of  t h e  j e t  nozzle ,  

The second and t h i r d  c l a s s i f y i n g  f e a t u r e s  are, r e s p e c t i v e l y ,  t h e  method 
used i n  t h r o t t l i n g  the gas duct and t h e  method o f  d e f l e c t i n g  t h e  duct i n  the  
reverse  d i r e c t i o n .  

Dist inguishing f e a t u r e s  o f  most reversers  o f  Types I and I1 that are 
f e a s i b l e  i n  p r a c t i c e  is  the fact  t h a t  i n  them t h r o t t l i n g  of the gas duct  and 
d e f l e c t i o n  of the  stream is c a r r i e d  out  by d i f f e r e n t  s t r u c t u r a l  elements. Such / 2 8  
schemes d i f f e r  i n  r a t i o n a l  s t r u c t u r a l  forms a t  f a i r l y  high gas dynamic per-  
f e c t i o n .  

- 

Inves t iga t ions  have been made of schemes o f  reversers including elements 
simultaneously serv ing  t h r o t t l i n g  and d e f l e c t i n g  func t ions  (Schemes VI1 , VI11 , 
Figure 1 . 7 ; 1 ,  111 , Figure 1.8) , b u t  they have n o t  won wide acceptance.  Such 
schemes a r e  usua l ly  less s a t i s f a c t o r y  designwise and e x h i b i t  poor gas dynamic 
p r o p e r t i e s .  

Mechanical methods of  t h r o t t l i n g  the gas duct  a r e  u s u a l l y  used i n  revers -  
ers o f  Types I and 11: s h u t t e r s  i n  t h e  form o f  semicyl indr ica l  sur faces  o f  
d i f f e r e n t  types--with loca t ion  of  t h e  axis o f  r o t a t i o n  on o r  near  the ax is  of 
t h e  j e t  p ipe  (Scheme I ,  Figure 1.7;  I , Figure 1.8)  o r  n e a r  the  r e a r  channels 
o f  t h e  d e f l e c t i n g  screens  loca ted  forward o f  t h e  exhaust cross-sect ion of t h e  
j e t  nozzle (Scheme I1 , Figure 1.7) , s h u t t e r s  i n  t h e  form o f  separa te  f l a p s -  
b a f f l e s  t h a t  do n o t  become coupled (Scheme IV, Figure 1 . 7 ) .  These s h u t t e r s  
i n  Type I reversers  a r e  i n s t a l l e d  i n  t h e  d i r e c t  t h r u s t  regime f l u s h  with the 
j e t  p ipe  of the  engine and do n o t  introduce considerable  losses  i n  d i r e c t  
t h r u s t  (Schemes I ,  11, 111, IV and VI11 , Figure 1 . 7 ) .  In  Type I1 reversers  
t h r o t t l i n g  s h u t t e r s  loca ted  over  t h e  j e t  tube o r  over the nozzle  do not  re- 
s u l t  i n  d i r e c t  t h r u s t  losses  ( f o r  example, Schemes I ,  11, and I V ,  Figure 1 .8) .  
T h r o t t l i n g  o f  t h e  gas duct of  the engine with the  Type I r e v e r s e r  can a l s o  be 
performed by a regula ted  j e t  nozzle  (Scheme XII, Figure 1.7) o r  by a c l u s t e r  
of  s h u t t e r s  of  t h e  reverse  regula ted  nozzle  type (Scheme I11 , Figure 1 .7) .  
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Thus, when t h e  mechanical method of  t h k o t t l i n g  t h e  gas ducts  is used, t h e  
t h r o t t l i n g  elements a r e  loca ted  t o  the  r e a r  o f  the d e f l e c t i n g  elements. 

Other methods of t h r o t t l i n g  t h e  gas duct can a l s o  b e  used i n  reversers. 
Under t h e  aerodynamic method o f  t h r o t t l i n g  the  gas duct through s l i t s  i n  a 
s t reamlined s t r u t  i n s t a l l e d  i n  t h e  j e t  p i p e ,  t h e  r e l e a s e  o f  compressed a i r  
b l e d  from a f t  of the  compressor (Scheme I ,  Figure 1.9) is c a r r i e d  out  per -  
pendicular  t o  t h e  stream. This method, however, has not  won acceptance owing 
t o  t h e  considerably high a i r  consumption requi red  f o r  s u b s t a n t i a l  sweeping of 
t h e  gas duct ,  low values of the reverse c o e f f i c i e n t ,  and a l s o  because the  
s t r u t  causes losses  i n  d i r e c t  t h r u s t .  

Intermediate  between these  methods i s  t h r o t t l i n g  of t h e  gas duct by using 
t i l t i n g  vanes with symmetrical aerodynamic p r o f i l e  (Scheme X ,  Figure 1.7;  111, 
Figure 1 . 9 ) .  Located i n  the d i r e c t  t h r u s t  regime along t h e  stream, these  
s h u t t e r s  i n  inver ted  p o s i t i o n  p a r t i a l l y  p a r t i t i o n  t h e  gas ducts  themselves, 
b u t  more profound t h r o t t l i n g  is a t t a i n e d  by t h e i r  d e f l e c t i o n  of t h e  stream i n  
two d i r e c t i o n s  and by thus  reducing t h e  e f f e c t i v e  passage c ross -sec t ion  of t h e  
j e t  nozzle .  This method can include t h r o t t l i n g  o f  the gas duct by s h u t t e r s  of 
d i f f e r e n t  types p a r t i t i o n i n g  only p a r t i a l l y  i n  the  gas duct reverse  regime 
(Schemes I1 and I V ,  Figure 1 . 9 ) .  

- /29 

A p o s s i b l e  method o f  t h r o t t l i n g  t h e  gas duct i s  d e f l e c t i n g  the  s t ream 
under t h e  a c t i o n  o f  c e n t r i f u g a l  forces  by r o t a t i n g  the  s t ream using t i l t i n g  
vanes with symmetrical aerodynamic p r o f i l e  i n s t a l l e d  i n  t h e  j e t  p ipe .  
t h i s  o r i g i n a l  method (Scheme V I ,  Figure 1.9) owing t o  u n s a t i s f a c t o r y  r e v e r s e r  
c h a r a c t e r i s t i c s  has not  found p r a c t i c a l  a p p l i c a t i o n .  

However, 

Thus, i n  non-mechanical methods of  t h r o t t l i n g  t h e  gas duct t h e  t h r o t t l i n g  
elements a r e  loca ted  forward o f  t h e  d e f l e c t i n g  elements;  

P r o f i l e d  screens loca ted  d i r e c t l y  i n  the engine j e t  p ipe  ( f o r  example, 
Scheme I ,  Figure 1 . 7 )  o r  over  i t  ( f o r  example, Scheme 11, Figure 1 . 9 )  have won 
acceptance as d e f l e c t i n g  elements i n  reversers  o f  both types .  We a l s o  know 
of  Type I reversers  i n  which t h e  d e f l e c t i o n  o f  the stream is  c a r r i e d  out  by 
s e p a r a t e  connecting p ipes  (Scheme I V ,  Figure 1 .7)  . 

Under c e r t a i n  conditions o f  arrangement o f  an engine f i t t e d  with a Type 
I r e v e r s e r  on an a i r c r a f t ,  a gas d i v e r t i n g  channel can b e  p laced  between t h e  
j e t  p ipe  of  t h e  engine with i t s  i n s t a l l e d  d e f l e c t i n g  screen and s t reaml in ing  
of the fuselage (motor n a c e l l e ) .  An example of t h i s  design i s  descr ibed i n  
55 of  Chapter I ( c f .  Figure 1 .12) .  

In  reversers  of  type 11, t h e  r o l e  of  t h e  d e f l e c t i n g  element i s  o f t e n  
played by f l a p s  (Scheme 11, Figure 1 . 8 ) .  

I n  reversers  of  Types I and 11, the  above l i s t e d  t h r o t t l i n g  and d e f l e c t -  
i n g  elements can be r a t i o n a l l y  combined i n  var ious combinations. However, 
schemes with wholly s p e c i f i c  combinations of  t h r o t t l i n g  and d e f l e c t i n g  elements 
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have found p r a c t i c a l  a p p l i c a t i o n  i n  reversers. Brief c h a r a c t e r i z a t i o n  of 
known schemes i s  given i n  t h e  next  divgsion o f  t h i s  s e c t i o n .  

We m u s t  s t a te  t h a t  d iv id ing  s t r u c x u r a l  elements o f  reversers  i n t o  t h r o t -  
t l i n g  and d e f l e c t i n g  sometimes is a r b i t r a r y ,  s i n c e  t h e  stream is def lec ted  i n  
the  reverse  d i r e c t i o n  i n  some channels whose walls are formed by the  t h r o t t l -  
i n g  and d e f l e c t i n g  elements.  

The reversers  of  Type I can b e  divided a l s o ,  i n  t h e  four th  charac te r i s t ic ,  
by t h e  method by which t h e  d e f l e c t i n g  screens  o r  connecting s leeves  are 

t h r o t t l i n g  elements. However, under c e r t a i n  arrangement condi t ions,  f o r  ex- 
ample, when the  t h r o t t l i n g  elements a r e  loca ted  f a r  from t h e  d e f l e c t i n g  ele- 
ments, i t  i s  necessary t o  provide f o r  c los ing  over o f  t h e  d e f l e c t i n g  elements 
using s p e c i a l  p a r t s .  
Schemes X ,  X I  and X I 1  c i t e d  below, and a l s o  t h e  r e f e r r e d - t o  Scheme XIII, 
Figure 1 . 7 ,  and s e v e r a l  schemes of  reversers  of  t h e  nozzle with a c e n t r a l  
body, examined i n  52 ,  Chapter I V .  These r e v e r s e r s  w i l l  i n e v i t a b l y  prove t o  b e  
more complex i n  design and heavier  i n  weight.  

closed i n  t h e  d i r e c t  t h r u s t  regime. They a r e  u s u a l l y  covered over by the  /30 

By way o f  an example, w e  can c i t e  t h e  v a r i a n t s  of  

General C h a r a c t e r i s t i c s  of Reversers 

Below we consider  schemes of  reversers used i n  modern t u r b o j e t  engines 
i n  conjunction with a necked j e t  nozzle .  

Reversers i n s t a l l e d  forward of t h e  exhaust cross-sect ion of the  jet  
nozzle ( F i g u r e  1.7) 

Scheme I with two d e f l e c t i n g  screens and c y l i n d r i c a l  s h u t t e r s  has been 
When the r e v e r s e r  is  developed by t h e  Rolls-Royce Company (Great B r i t a i n ) .  

switched on, s h u t t e r s  cover t h e  j e t  p ipe  and d i r e c t  the  t h r u s t  t o  t h e  d e f l e c t -  
ing  screens .  When t h e  r e v e r s e r  is  switched o f f ,  the  s h u t t e r s  covering t h e  
screen a r e  pos i t ioned  f l u s h  with the wal l s  of the j e t  pipe and do not  e x e r t  
r e s i s t a n c e  t o  t h e  s t ra ight forward  e x i t i n g  of  t h e  stream. One c h a r a c t e r i s t i c  
o f  t h i s  scheme is  t h e  f a c t  t h a t  the  r e s u l t i n g  force  of  gas pressure  on t h e  
s h u t t e r s  passes  along t h e  ax is  of  r o t a t i o n  o f  the  s h u t t e r s  ly ing  along t h e  j e t  
p ipe  a x i s .  Therefore,  t h e  moment required t o  r o t a t e  t h e  s h u t t e r s  i s  consider- 
ably less than i n  Scheme 11. 
duced by Rolls-Royce, Pratt-Whitney, and General E l e c t r i c  (United S t a t e s ) .  The 
main parameters a r e  as follows: reverse  c o e f f i c i e n t  .iT 
d i r e c t  t h r u s t  l o s s e s  when t h e  r e v e r s e r  is  switched o f f  AR < 0.01. A descr ip-  
t i o n  of  t h e  design f e a t u r e s  of c e r t a i n  reversers  of  t h i s  scheme has been given 
below, i n  55 of  t h i s  chapter .  The sources a r e  a l s o  ind ica ted  t h e r e .  Some ex- 
perimental  d a t a  on a similar scheme has been presented i n  5 2  o f  Chapter I V .  

The scheme has been r e a l i z e d  on engines pro- 

0.45-0.56l,  and rev- 

Scheme I1 with two d e f l e c t i n g  screens and c y l i n d r i c a l  s h u t t e r s  d i f f e r s  
from Scheme I __ i n  - - the  __ f a c t  t h a t  t h e  --_ f l a p s  - r o t a t e  around an a x i s  - --- ly ing  - c lose  _ -  t o  

-2.0. nozzle  The values o f  grey c i t e d  i n  this s e c t i o n  refer t o  IT* 
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t h e  rear channels o f  the screen. 
i s  grea te r  under t h i s  scheme than under Scheme I .  Some experimental data  on 

a s imilar  scheme are given i n  82 o f  C h a p t e r  I V  (E 

The moment required t o  ro t a t e  the  s h u t t e r s  

0 . 6 3 ) .  rev 

F i g u r e  1 . 7 .  Schemes  o f  R e v e r s e r s  L o c a t e d  A f t  o f  t h e  E x i t  C r o s s - S e c t i o n  o f  t h e  
J e t  Nozzle: I , W i t h  D e f l e c t i n g  S c r e e n s  ( d . s . )  a n d  C y l i n d r i c a l  T h r o t t l i n g  
S h u t t e r s  ( t . s . )  w i t h  A x i s  of R o t a t i o n  A l o n g  t h e  J e t  P i p e  A x i s ;  I I ,  W i t h  d . s .  
a n d  C y l i n d r i c a l  t . s .  W i t h  Axes A l o n g  t h e  Rear C h a n n e l s  o f  t h e  S c r e e n s ;  I l l ,  
W i t h  d . s .  a n d  t . s .  of t h e  Reverse R e g u l a t e d  N o z z l e  T y p e ;  I V Y  W i t h  Nonsymmet r i -  
c a l  D e f l e c t i n g  C o n n e c t i n g  P i p e s  a n d  I n d i v i d u a l  S m a l l  t . s .  n o t  E n t e r i n g  I n t o  
C o u p l i n g ;  V ,  W i t h  D e f l e c t i n g  Vanes  a n d  T i l t i n g  S h u t t e r s  C o m p r i s i n g  P a r t  o f  t h e  
J e t  P i p e ;  V I ,  W i t h  Hinged  S h u t t e r s  C o n s t i t u t i n g  P a r t  of t h e  J e t  Nozzle; V I I ,  
W i t h  B y p a s s  S h u t t e r s  a n d  P a r a 1  l e 1  L a t e r a l  Walls;  V I  I I , W i t h  B y p a s s  Cy1 i n d r i c a l  
S h u t t e r s ;  I X ,  W i t h  T i l t e d  T h r o t t l i n g  Vanes  a n d  Bypass  Cy1 i n d r i c a l  S h u t t e r s ;  
X ,  W i t h  d . s . ,  T i l t e d  T h r o t t l i n g  V a n e s ,  a n d  E x t e n s i b l e  J e t  P i p e s ;  X I ,  W i t h  d . s .  
T h r o t t l i n g  T i l t e d  V a n e s - B a f f l e s  a n d  E x t e n s i b l e  J e t  P i p e s ;  X I I ,  W i t h  d . s . ,  
T h r o t t l i n g  J e t  N o z z l e ,  a n d  E x t e n s i b l e  J e t  P i p e s ;  X I  I I ,  W i t h  T h r o t t l i n g  B u c k e t  
S h u t t e r s  a n d  D e f l e c t i n g  S c r e e n s  C o v e r i n g  t h e  Cy1 i n d r i c a l  S h u t t e r s  Movab le  i n  
t h e  L o n g i t u d i n a l  D i r e c t i o n .  

Scheme I11 w i t h  de f l ec t ing  screens i s  c h a r a c t e r i z e d  by t h r o t t l i n g  s h u t t e r  /31 
of  the reverse cont ro l led  n o z z l e  tme. T h e  p o s s i b i l i t i e s  o f  using such 
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i i  , 

s h u t t e r s  f o r  t h r o t t l i n g  the gas  duct has  been examined i n  52 o f  Chapter I V ,  

where experimental r e s u l t s  based on t h i s  scheme are a l s o  given (E 

Scheme I V  has  nonsymmetrical d e f l e c t i n g  connecting pipes  and ind iv idua l  

X 0.82) .  r e v  

- /32 
t h r o t t l i n g  s h u t t e r s  t h a t  do n o t  e n t e r  i n t o  coupling. The emergence of t h i s  
scheme was caused by conditions of  engine l o c a t i o n  on t h e  a i r c r a f t  ( i n  the  
fuselage)  and i n  o r d e r  t o  avoid i n j e c t i o n  of hea ted  gases i n t o  t h e  engine i n -  
l e t  owing t o  t h e  n e c e s s i t y  of  t h e i r  nonsymmetrical e x i t i n g .  

model, 

streams i n s t a l l e d  on t h e  engine had % 0.5;  A k - =  0.01 (when f3 = 40"). 

The r e l a t i v e  weight was 0.12. The r e s u l t s  of  model t e s t s  are given i n  53 of 
Chapter I V .  

I n  t e s t i n g  a 

c O . 5 .  A r e v e r s e r  o f  t h i s  scheme with symmetrical exhaust o f  
- 
Rrev 

r e v  vane 

Scheme V ,  developed by NASA (United S t a t e s )  has  two series of  d e f l e c t i n g  
vanes loca ted  along t h e  t i l t a b l e  s h u t t e r s  which are p a r t  o f  the engine j e t  
p ipe .  I n  t h e  d i r e c t  t h r u s t  regime t h e  vanes are loca ted  one behind t h e  o t h e r ,  
forming a s t a c k  t h a t  l i e s  i n  the  gas s t ream. Direct t h r u s t  l o s s e s  amount t o  
about 2%.  When t h e  r e v e r s e r  i s  switched on t h e  vanes a r e  t i l t e d  toge ther  w i t h  
the  s h u t t e r s ,  

design of the  r e v e r s e r  of  t h i s  scheme has been developed f o r  the  t u r b o j e t  
engine used i n  t h e  f i g h t e r  Republic F-84 "Thunderjet", wLTch lands with use o f  
a reverser1.  

= 50°, the  value krev up t o  0.6 i s  a t t a i n e d .  The When 'vane 

Scheme V I  wi th  hinged s h u t t e r s  c o n s t i t u t i n g  p a r t  of t h e  j e t  p ipe ,  design- 
wise i s  simple and e a s i l y  allowed for i n  the  o v e r - a l l  dimensions of t h e  engine 
This scheme i s  similar t o  Scheme V ,  d i f f e r i n g  from i t  i n  t h e  absence o f  de- 
f l e c t i n g  vanes. The r e l a t i v e  weight of t h e  reverser m u s t  b e  comparatively 
small ,  s i n c e  i t s  design makes use o f  p a r t  o f  t h e  j e t  nozzle .  
d a t a  of  t h e  F a i r c h i l d  Corporation (United S t a t e s ) ,  t h e  design t h r u s t  reverse  
c o e f f i c i e n t  i s  0.42.  There are no design developments and experimental  ver i -  
f i c a t i o n  of  t h i s  scheme. 

According t o  t h e  

Scheme V I 1  wi th  bypass s h u t t e r s  and p a r a l l e l  la teral  walls, as indica ted  
i n  t h e  i n t r o d u c t i o n ,  has been implemented i n  an a c t u a l  s t r u c t u r e  t e s t e d  on an 
engine under s t a n d  condi t ions.  

The r e v e r s e r  b u i l t  under t h i s  scheme has a r e l a t i v e l y  simple design of  
working p a r t s ,  however, owing t o  t h e  r e c t i l i n e a r  shape o f  t h e  nozzle i t  i s  not 
covered conveniently wi th in  t h e  over -a l l  dimensions of  the  engine. Recti-  
l inear-shaped nozzles a r e  technologica l ly  unprogressive and warp i n  engine 

l h e p i c a n  Aviatzon, 1954, 21 /VI ,  Vol. 18,  No. 2 ,  p .  21 ,  1O/V,  Vol. 17, No. 25, 
p .  20, 1954. 

2Americm Aviation, v01. 17, No. 25: Vol. 18, No. 2, 1954. 

Intepavia, 15/IV, NO.  2947, 1954. 
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opera t ion .  
i s  l w e r  than t h a t  o f  a round nozzle .  I n  s tand  tests with d i f f e r e n t  s h u t t e r s  
(Figures 1 .2 ,  1 . 4 ,  P o s i t i o n  1 1 ) ,  values of ,?i- = 0.12-0.24, were obta ined ,  /33 

with d i r e c t  t h r u s t  l o s s e s  up t o  4.5% with t h e  reverser n o t  switched on. 

The e f f i c i e n c y  o f  t h e  j e t  nozzle  t h a t  i s  o f  square c ross -sec t ion  

rev - 

Scheme V I 1 1  k i t h  bypass c y l i n d r i c a l  s h u t t e r s  has  a round cross-sec t ion  
j e t  nozzle .  I n  model tests t h e  value Krev = 0.46 was obtained.  One f a i l i n g  

o f  t h i s  method i s  t h a t  t h e  s h u t t e r s  occupy much of  the  s u r f a c e  o f  t h e  j e t  p ipe  
and reduced i t s  r i g i d i t y .  Owing t o  t h i s  shortcoming the  scheme has not  been 
given f u r t h e r  design development. 

Scheme I X  wi th  t h r o t t l i n g  t i l t a b l e  vanes and bypass c y l i n d r i c a l  s h u t t e r s  
d i f f e r s  from Scheme V I 1 1  by the  presence o f  t i l t a b l e  t h r o t t l i n g  vanes with 
aerodynamic p r o f i l e .  I n  t h e  d i r e c t  t h r u s t  regime t h e  vanes are placed along 
t h e  stream. I n s t a l l a t i o n  of t h e  vanes i n  t h e  stream leads t o  up t o  2% losses  
of engine d i r e c t  t h r u s t .  I n  tes ts  E = 0.55 obtained.-  rev 

Scheme X with t i l t a b l e  t h r o t t l i n g  vanes and e x t e n s i b l e  j e t  pipes  with de- 
f l e c t i n g  screens i n s t a l l e d  i n  i t .  

In the  d i r e c t  t h r u s t  regime vanes with aerodynamic p r o f i l e s  a r e  p o s i t i o n -  
ed as i n  Scheme I X ,  along t h e  stream. Direct t h r u s t  l o s s e s  r i s e  t o  4.5%. 
When t h e  r e v e r s e r  i s  switched on, t h e  j e t  p ipe  is s h i f t e d ,  the vanes a r e  t ilt- 
ed, the  gas duct i s  p a r t i a l l y  t h r o t t l e d ,  and the  stream is d i r e c t e d  onto the 
screens .  From d a t a  of  model s t u d i e s  (54,  Chapter IV) a reverse c o e f f i c i e n t  of  
up t o  0 . 5  can be obtained f o r  t h i s  scheme. 

Scheme X I  wi th  d e f l e c t i n g  screens ,  t h r o t t l i n g  t i l t a b l e  vanes-baff les ,  and 
e x t e n s i b l e  j e t  tubes d i f f e r s  from Scheme X by the  f a c t  t h a t  t h e  vanes-baff les  
almost completely p a r t i t i o n  t h e  gas ducts i n  t h r u s t  r e v e r s a l .  This scheme, 
owing t o  f u l l e r  t h r o t t l i n g  of  the gas duc t ,  can have h igher  reverse  coef- 
f i c i e n t s  than Scheme X ,  approximately the  same as those t h a t  charac te r ize  
Scheme 11. However, i n  the  d i r e c t  t h r u s t  regime t h e  l a r g e  vanes-s l ide ga tes  
p r e s e n t  i n  t h e  s t ream i n e v i t a b l y  lead  t o  more p e r c e p t i b l e  losses  i n  d i r e c t  
t h r u s t  than i n  Scheme X .  

Scheme X I 1  with d e f l e c t i n g  s c r e e n s ,  t h r o t t l i n g  t h e  j e t  nozzle ,  and an 
e x t e n s i b l e  j e t  p ipe  i s  charac te r ized  by the  f a c t  t h a t  it has r e l a t i v e l y  un- 
involved s t r u c t u r e  o f  working elements and is e a s i l y  managed wi th in  t h e  over- 
a l l  dimensions o f  the  engine.  
nozzle  a r e  used f o r  t h r o t t l i n g .  When the  r e v e r s e r  is  switched o f f ,  t h e  j e t  
nozzle  connecting t o  the  screens  rests on the  b u t t  end of  the  j e t  p ipe ,  b u t  
the  screens  extend across  the  p i p e .  Since t h e r e  a r e  no working p a r t s  i n  t h e  
stream, t h e  r e v e r s e r  cannot e f f e c t  the  d i r e c t  t h r u s t  produced by t h e  engine. 
Experimental i n v e s t i g a t i o n s  on models have shown t h a t  t h e  reverse  c o e f f i c i e n t  
f o r  t h i s  scheme when 

Elongated s h u t t e r s  of  an ordinary.  regula ted  j e t  

- / 34  

= 40" i s  approximately 0.4 ( 93, Chapter IV) . 
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Variants  o f  Schemes X ,  X I  and X I I .  can b e  implemented without an exten- 
s i b l e  j e t  tube,  which obviously complicates and weighs down t h e  design. In-  
t e r i o r  or externa l  c y l i n d r i c a l  f l a p s  With l o n g i t u d i n a l  displacement along t h e  
engine ax is  (Scheme XIII)  or made t o  t 5 l t  about the engine axis ( s l i d e  type) 
can b e  provided t o  cover sc reens  i n  di’rect . t h r u s t  regime. These methods of 
covering screens  a r e  shown i n  Figure 4.14 where t h e  p o s s i b l e  schemes of a 
r e v e r s e r  i n  a nozz le  f i t t e d  with a c e n t r a l  body are examined (92, Chapter IV). 
Cyl indr ica l  f l a p s  can hinge backward, as has been done i n  covering p o r t s  i n  
engine n a c e l l e s  and t h e  fuselage of t h e  Boeing 727 ( c f .  55 o f  t h i s  chapter ) .  
The screens  can a l s o  b e  covered by ind iv idua l  louver  type f l a p s  opening with- 
i n  t h e  j e t  p ipe  of  t h e  engine o r  i n t o  the  e x t e r i o r  o u t s i d e  the  a i r c r a f t .  
Several  schemes of r e v e r s e r s  i n s t a l l e d  i n  t h e  nozzle  with a c e n t r a l  body f i t -  
ted  with the  f irst  of these  louver  types have been i n v e s t i g a t e d .  The r e s u l t s  
of model tests are given i n  92  of  Chapter I V .  A design using o t h e r  louvers 
has been executed and is  descr ibed i n  95 of  t h i s  chapter .  

I 

Scheme XI11 with t h r o t t l i n g  bucket s h u t t e r s  loca ted  a f t  of the  e x i t  c r o s s  
s e c t i o n  of t h e  j e t  nozz le  and with d e f l e c t i n g  screens loca ted  on t h e  j e t  p ipe  
of t h e  engine forward o f  t h e  j e t  nozzle .  I n  the d i r e c t  t h r u s t  regime t h e  de- 
f l e c t i n g  screens are closed by c y l i n d r i c a l  s h u t t e r s  which a r e  capable o f  long- 
i t u d i n a l  displacement. The scheme belongs i n  t h e  class of  one of  t h e  ear l ier  
designs f o r  reversers  and i s  marked by high weight [27] .  

The v a r i a n t s  of  Schemes X ,  X I ,  X I 1  and Scheme X I 1 1  examined below a r e  
examples of  reversers  i n  which the  t h r o t t l i n g  o f  the  gas ducts and c los ing  o f  
t h e  d e f l e c t i n g  elements i n  the  d i r e c t  t h r u s t  regime i s  c a r r i e d  out  by d i f f e r -  
en t  p a r t s  o f  t h e  assembly. 

Reversers I n s t a l l e d  Aft of t h e  J e t  Nozzle Exi t  

Reversers w i t h  s h u t t e r s  ( F i g u r e  1 .8) .  

Scheme I with s h i f t a b l e ,  t i l t a b l e  c y l i n d r i c a l  s h u t t e r s  i s  one of  t h e  s i m -  
p l e s t .  The s h u t t e r s  a r e  r e l a t i v e l y  e a s i l y  encompassed wi th in  t h e  over -a l l  
dimensions o f  t h e  engine n a c e l l e .  The o v e r - a l l  l ength  of  t h e  engine f i t t e d  
with a r e v e r s e r  under t h i s  scheme, as i s  t r u e  f o r  most schemes of  r e v e r s e r s  
loca ted  a f t  of t h e  j e t  nozz le  e x i t ,  is increased i n  t h e  reverse  regime. 

Experimental v e r i f i c a t i o n  on models (Sl and 3 o f  Chapter IV), have shown 
t h a t  reversers  of  t h i s  scheme can have high r e v e r s e  c o e f f i c i e n t s  (grev = 0 . 5 -  

0 . 6 ) .  

Scheme I i n  t h e  method o f  sc reen  d e f l e c t i o n .  However, i n  t h i s  scheme s h u t t e r s  
c o n s t i t u t e  a hinged p a r t  o f  the engine n a c e l l e  and have a d d i t i o n a l  d e f l e c t i n g  
t i l t a b l e  f l a p s .  

E lec t r ic  Company (United S t a t e s ) .  

Scheme I1 with t i l t a b l e  s h u t t e r s  and d e f l e c t i n g  f l a p s  i s  suggest ive o f  

Scheme I I a  (Rrev = 0.5) has a c t u a l l y  been b u i l t  by General 

A d e s c r i p t i o n  of  the  r e v e r s e r  design of  
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t h i s  company is given i n  t h e  next  s e c t i o n .  A s i m i l a r  scheme (R = 0.6) w a s  

t e s t e d  on a Curtiss-Wright (United S t a t e s )  engine: 
rev 

Figure 1 .8 .  Reversers w i t h  Shut te rs  Located Aft o f  t h e  J e t  Nozzle E x i t ;  I , 
w i t h  S h i f t a b l e ,  T i l t a b l e  Cyl indrical  Flaps;  I I ,  w i t h  T i l t a b l e  Flaps and De- 
f l e c t i n g  Flaps;  l l l ,  w i t h  H i n g e d  Spherical  Flaps;  I V Y  w i t h  E jec tor  and Spher- 
ical  Flaps.  

Variant  b of Scheme I1 d i f f e r s  i n  the  angle c1 of t h e  s h u t t e r  i n c l i n a t i o n .  
From model t e s t s  d a t a  i t s  reverse  c o e f f i c i e n t  f o r  a small enough angle o f  
stream e x i t  B = 15" and c1 = 85" i s  Ere, =0.68-0.74 (§1, Chapter IV). The 

r e v e r s e r  of  t h i s  scheme with angles B = 48" and c1 = 55", t e s t e d  by Boeing vane 
(United S t a t e s )  on models, has Erev = 0 . 5 2 .  A s i m i l a r  scheme has been r e a l i -  

zed i n  t h e  bypass Pratt-Whitney JT8D-5 engine3 on a Douglas DC-9 (E 

vane 

= 
rev 

0.40-0.45).  

Scheme I11 with hinged s p h e r i c a l  s h u t t e r s  w a s  a c t u a l l y  b u i l t  ( c f .  Figure 
1.1) and has undergone s t a n d  tests on an engine E 

Scheme I V  with an e j e c t o r  has s p h e r i c a l  s h u t t e r s  which i n  t h r u s t  r e v e r s a l  
d i r e c t  the stream t o  t h e  e j e c t o r  p o r t s .  I n  d i r e c t  t h r u s t  regimes t h e  p o r t s  /36 
a re  covered by t h e  very same s h u t t e r s .  I f  a f ixed  e j e c t o r  is used, t h e  over- 
a l l  length o f  t h e  engine i n  reverse  regimes remains unchanged. -A s i m i l a r  
scheme [32] has found use on t h e  Douglas DC-8 (United S t a t e s )  (Rrev = 0.43).  

= 0.35-0.4).  rev  

- 

- _ _  -~ - ._ - - . _ _  
Aviation Week, 11/III, Vol. 66, No. 10, p .  43, 1957. 
FZight, 30/IV, No. 2362, pp. 540-541, 1954. 
Interavia,  Vol. X X ,  No. 6 ,  p .  726, 1965. 

29 



Reversers w i t h  de f l ec t ing  screens (Figure 1.9) 

J / I 
k d  

Fiqure 1.9.  Schemes o f  Reversers With Defl ti  Screens Located Aft of  t h e  
J e t  Nozzle Exi t :  I ,  w i th  F i x e d  Deflect ing Screens ( d . s . )  and Blow-through o f  
Air Through Fa i r ing  i n  t h e  Nozzle; I I ,  w i t h  Moyable d . s .  and T i l  t ab le  Throt- 
t l i n g  Shu t t e r s ;  1 1 1 ,  w i t h  Movable d . s .  and T i l t a b l e  Vanes; I V ,  w i t h  Annular 
T i l t a b l e  Thro t t l i ng  Shu t t e r s  and Movable d . s .  (Variant  a )  and w i t h  Fixed d . s .  
(Variant  b )  ; V ,  w i t h  Movable-Screens and Hinged  Cy1 indr ica l  Shu t t e r s ;  V I ,  w i t h  
Movable Screens and Vanes Rotating t h e  Exhaust Stream. 

Scheme I developed by the amalgamation SNECMA (France) ,  has f ixed  de- 

The presence of f a i r i n g  i n  
With 2-3% air bleeding,  

f l e c t i n g  screens  and f a i r i n g  i n s t a l l e d  i n  the j e t  nozzle  through whose s l i ts  
a i r  b l ed  af t  of  the  engine compressor i s  swept.  
t he  nozzle  leads t o  d i r e c t  t h r u s t  losses  up t o  4%. 
i n  t h i s  scheme the  reverse  c o e f f i c i e n t s  can amount to 0.3 .  

F l i g h t  t e s t s  of r eve r se r s  of  t h i s  scheme on the  Vampire a i r c r a f t  made by 
De Havilland (Great B r i t a i n )  have been conducted by the  company. A modifica- 
t i o n  of t h i s  scheme has s h i f t a b l e  de f l ec t ing  screens  [34] .  

Scheme I1 with s h i f t a b l e  screens and two t i l t a b l e  t h r o t t l i n g  s h u t t e r s ,  
developed by Aerojet  General (United S t a t e s ) ,  i s  an advanced vers ion  of  Scheme 
I .  When the  r eve r se r  is  switched o f f ,  the  s h u t t e r s  l i e  f l u s h  with the annular  
f l aps  covering the  s i d e s  of t he  screen ,  and i n  reverse  regimes they are t i l t e d  
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along t h e i r  axes and p a r t i t i o n  t h e  g a s  duc t ,  compelling t h e  stream t o  b e  
def lec ted  t o  t h e  screens .  

Scheme 111 developed by t h e  amalkamation SNECMA (France),  with s h i f t a b l e  
d e f l e c t i n g  screens  has  t i l t a b l e  vanes with aerodynamic p r o f i l e ,  which s e r v e  
t o  d e f l e c t  t h e  stream t o  t h e  screens .  With t h e  r e v e r s e r  switched o f f ,  t h e  
vanes remaining i n  t h e  s t ream e x e r t  an e f f e c t  on engine d i r e c t  t h r u s t .  Based 
on SNECMA data ,  t h e  r e v e r s e r  b u i l t  under t h i s  scheme has k % 0.20 and r e v  - 
A R  0.03*  

Scheme I V ,  developed by the  amalgamation SNECMA (France) is  charac te r -  
i z e d  by d e f l e c t i n g  screens  and two annular t i l t a b l e  t h r o t t l i n g  s h u t t e r s .  When 
t h e  vers ion  a r e v e r s e r  i s  switched o f f ,  the  s h u t t e r s  l i e  along t h e  per iphery  
of the  e j e c t o r  f i t t i n g  and do n o t  block the  s t r a i g h t  flow e x i t  o f  the  stream. 
When t h e  r e v e r s e r  i s  switched on, t h e  r e a r  o f  t h e  e j e c t o r  and the  screens 
assoc ia ted  with i t  a r e  s h i f t e d ,  t h e  s h u t t e r s  a r e  t i l t e d  by go", t h e  e j e c t o r  
f i t t i n g  i s  p a r t i a l l y  covered, and the stream is  def lec ted  t o  the screens .  The /38 
r e v e r s e r  o f  t h i s  vers ion of the  scheme, according t o  SNECMA d a t a ,  has a re- 
verse  c o e f f i c i e n t  of 0 . 5 3 .  

- 

Variant  b of Scheme I V ,  d i f f e r i n g  i n  i t s  f i x e d  d e f l e c t i n g  screens (Erev = 

= 0.4-0.5)  , i s  being developed by SNECMA f o r  the  power p l a n t  i n  t h e  Anglo 
French supersonic  Concord a i r l i n e r  [27]. 

Scheme V with movable screens and hinged c y l i n d r i c a l  s h u t t e r s  w a s  experi-  
When n o t  funct ioning,  t h e  r e v e r s e r  mentally v e r i f i e d  on models (Erev = 0 .40) .  

doesn ' t  have any e f f e c t  on engine parameters.  
ments have shown, t h i s  scheme is  e a s i l y  f i t t e d  i n t o  the  middle of t h e  engine 
n a c e l l e  o r  t h e  fuse lage .  

As prel iminary design develop- 

Scheme V I  wi th  movable screens and exhaus t - ro ta t ing  vanes can be r e l a t i v e -  
l y  e a s i l y  f i t t e d  i n t o  the  middle of the  engine n a c e l l e  o r  the  fuse lage .  The 
scheme has been developed and i n v e s t i g a t e d  i n  the  Swiss Technological I n s t i t u t e  
[31].  Key shortcomings of  the  scheme inc lude  t h e  severe e f f e c t  o f  t h e  reverser 
on pressure  a f t  of the t u r b i n e  i n  t h a t  i t  shows a c h a r a c t e r i s t i c  with respec t  
t o  the  vane t i l t i n g  angle with a jumplike v a r i a t i o n  i n  t h r u s t .  Thus, tests o f  
numerous models have shown t h a t  when t h e  vanes a r e  r o t a t e d  by an angle  ranging 
from 0" t o  50" t h e  t h r u s t  remains p o s i t i v e .  A t  l a r g e  vane t i l t i n g  angles t h e  
t h r u s t  becomes negat ive  w i t h  a simultaneous abrupt climb i n  p r e s s u r e  a f t  of 
the  turb ine .  The values of the  reverse  c o e f f i c i e n t  a r e  0.5-0.8.  The s m a l l e s t  
value of d i r e c t  t h r u s t  l o s s e s  is  an impressive figure--10%. 

J e t  Propulsion, I Y ,  Vol. 25, No. 4 ,  1955. 
AeropZme, V o l .  89, N o .  2293, 1955. 
Les A i l e s ,  No. 1887, p .  9 , 1962. 
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§5. Description of Reverser Designs 

Arrangements o f  r e v e r s e r s  on a i r c r a f t  are marked by d i v e r s i t y .  Reversers 
loca ted  forward of t h e  j e t  nozzle  e x i t '  are p a r t  o f  t h e  engine assembly and a r e  
made i n  t h e  form o f  a s e p a r a t e  compartment o f  t h e  j e t  p ipe ,  a f t  o f  which t h e  
noise  suppressor  is easily i n s t a l l e d .  

Reversers loca ted  a f t  of the  j e t  nozzle  e x i t  i n  t h e  form of f lapwise 
s t r u c t u r e s  are constructed as hinged p a r t s  o f  the  a i r c r a f t  fuse lage  or t h e  
engine n a c e l l e .  

When engines a r e  i n s t a l l e d  on an a i r c r a f t  i n  t h e  wings c lose  t o  t h e  fuse-  
lage  or on pylons along t h e  fuse lage  s i d e s ,  f l a p s  o f  t h e  reversers  loca ted  a f t  
of t h e  j e t  nozzle e x i t  can be re inforced  d i r e c t l y  on t h e  fuse lage  (Figure 
1 .10) .  The r e v e r s e r  i s  autDmatically placed a f t  of  the engine ' s  j e t  nozzles 
when t h e r e  i s  compression of t h e  a i r c r a f t  landing s t r u t  shock absorbers follow 
i n g  contact  with t h e  runway and t h r o t t l i n g  o f  t h e  engines1. 

/39 - 

Reversers on the  t u r b o j e t  Rolls-Royce 
"Avon" and the  bypass engine "Conway" (Great 
B r i t a i n ) ,  i n s t a l l e d  on a i r l i n e r s  o f  De 
Havilland (Great B r i t a i n )  "Comet" and Boeing 
707 (United S t a t e s ) ,  BAC VC-10, and BAC "Super 
VC-10" (Great B r i t a i n )  have been executed, 
r e s p e c t i v e l y ,  fol lowing the  same scheme and 
d i f f e r  i n  minor d e t a i l s .  The design o f  re- 
versers used i n  these engines i s  character-  
i z e d  by s e v e r a l  i n t e r e s t i n g  engineering so lu-  
t i o n s .  The main assemblies--the r e v e r s e r  
housing '(made of  t h e  a l l o y  Nimonic) , t h e  
t h r o t t l i n g  s h u t t e r s  and the def lec t ing  scre- 
ens--are f a b r i c a t e d  i n  welded form. 

T h r o t t l i n g  s h u t t e r s  1 (Figure 1.11, a, 
b) are made o f  seamless s h e e t .  The s t i f f n e s s  
r i b s  2 on t h e  o u t e r  s u r f a c e  of  the  s h u t t e r s  
a r e  heated by the h o t  exhaust gases passing 

through them, emerging through open- 
ings  i n  t h e  upper s i d e  of t h e  sh;t- 

and emitted at that point 

s h u t t e r s  have shoulders  3 and 4 i n  
t h e  form o f  f l a t  semic i rc les  which 
i n  d i r e c t  t h r u s t  and reverse  regimes 
abut  aga ins t  the corresponding gas- 

Figure 1 . l o .  Reverser o n  the Bypass 
Engine Turbomek "Obisk" (740 kg T h r u s t )  

105 (Sweden) .  
on t h e  M i  1 i tary-Training A i r c r a f t  SAAB through the screens* The 

k e t  r ings  5 and 6 of the  housing. No s p e c i a l  gaskets  a r e  provided f o r ,  f o r  
the  surfaces  of  the  s h u t t e r  shoulders  and housing semic i rc les  i n  contact  a r e  

. - _...= .~ . -. - . - .  . -  . . ~ ~ .  . . .  . . , 

'Interavia Rev;&, No. 1 2 ,  p .  1,804, 1964. 
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processed mechanically. The f r o n t  semic i rc les  of  the housing have an e l a s t i c  
reinforcement 7. The screen  vanes a re  made of shee t  mater ia l  and a re  loca ted  
i n  chessboard fashion (Figure 1.11 c ) .  Thermal expansion of the de f l ec t ing  
screen i s  compensated by deformation of  the support ing s t r u t s  8 i n  the  r e a r  of 
the  screen.  

Figure 1 . 1  1 .  Reverser Used w i t h  Rolls'Royce Turbojet  Engine and Bypass E n g i n e .  
( a ,  Design Layout; b ,  Th ro t t l i ng  Shu t t e r ;  c ,  Deflecting Screen) :  1 ,  Th ro t t l i ng  
Shu t t e r ;  2 ,  R i g i d i t y  Rib; 3 ,  Front Gasket Shoulder;  4 ,  Rear Gasket Shoulder;  
5, Front Housing Semic i rc le ;  6 ,  Rear Housing Semicircle;  7, E l a s t i c  Reinforce- 
ment; 8 ,  Maintenance Support;  9, Aperture.  

Spec ia l  "dry" a n t i f r i c t i o n  r o l l e r  bear ings  funct ioning without l ub r i can t  - /40 
and cool ing a t  temperatures up t o  6OO0C have been developed f o r  r e v e r s e r s .  
S l ipp ing  bear ings have a l s o  been inves t iga t ed  i n  the course of work with the  
r eve r se r .  However, they have been r e j e c t e d  owing t o  l a rge  f r i c t i o n a l  r e s i s t a n e  
which would lead  t o  weighing down the  cont ro l  drive.. 

The s h u t t e r s  a r e  secured by t h e i r  f langes  on two coaxial  p ivo t s  between 
which two b a l l  bear ings  a r e  s i t u a t e d .  The ou te r  p i v o t  r o t a t e s  on b a l l  bear ings 
placed i n  the housing. To s impl i fy  the  design,  the  r o t a t i o n a l  moment i s  t r ans -  
mit ted t o  the s h u t t e r s  no t  through the  p i n s :  the  o u t e r  p in  is  covered by 

33 

Q 
r 



bushings,  each of which has  a two-arm ljever; one a r m  of  each of  t h e  levers  is 
wi th in  t h e  housing and a p i n  p r o j e c t i n g  from one end e n t e r s  t h e  aper ture  9 
( c f .  Figure 1.11, b)  i n  t h e  l u g  on t h e . s h u t t e r ,  and the  o t h e r  arm of  t h e  l e v e r  
connects with a rod o f  t h e  cont ro l  dr ive  system ("Avon" engine,  Figure 1.12) 
o r  with the rods o f  t h e  pneumatic cyl inders  ("Conway" engine) .  

- /41 

Pneumatic cyl inders  i n  
which a i r  b l e d  from the  com- 
p r e s s o r  is f e d  a r e  used i n  
t h e  d r i v e  c o n t r o l l i n g  the  
s h u t t e r s ,  a f ford ing  a two- 
p o s i t i o n  placement o f  the  
s h u t t e r s .  The l e v e r  system 
o f  t h e  d r i v e  is  capable of  
developing g r e a t  1 everage 
even i n  high-cruise  regime 
dhen the  a i r  pressure  a v a i l -  
ab le  is low. 

A s  a whole, t h e  s t r u c -  
tu res  o f  Rolls-Royce revers -  
ers, ensur ing  reverse  coef- 

Figure 1 .'12. f i c i e n t s  wi th in  t h e  l i m i t s  
"Avon" Turbojet  Engine Bui 1 t f o r  Instal  - o f  0.45-0.56, are marked by 
l a t i o n  on the E n g i n e .  compactness. Thei r  r e l a t i v e  

weight i s  0.10 ( c f .  Table 1) 
and d i r e c t  t h r u s t  losses  a r e  

Reverser of t h e  Rolls-Royce 

not  g r e a t e r  than 0.75%. 
"Avon" engine (cf. Figure 1.12) ,  where w e  can s e e  the  pneumatic cy l inder ,  t h e  
l e v e r  system of the d r i v e ,  t h e  hea ted- insu la t ing  coat ing,  and the  exhaust chan- 
n e l  of  t h e  reverser. 

The photograph above shows the r e v e r s e r  used on the  

Control systems exclude t h e  p o s s i b i l i t y  o f  switching on reversers  owing 
t o  p i l o t  e r r o r .  On t h e  "Comet" aircraft  w i t h  f o u r  I'Avon'' engines ,  loca ted  i n  
t h e  wings, the  levers used t o  cont ro l  reversers  i n s t a l l e d  on t h e  o t h e r  engines 
have such an arrangement t h a t  t h e i r  movement i s  p o s s i b l e  only i n  low- thro t t le  
regimes. On t h e  Boeing 707 a i r c r a f t ,  i n  which a l l  the  f o u r  "Conway" engines 
i n s t a l l e d  in. t h e  underslung engine n a c e l l e s  a r e  equipped with r e v e r s e r s ,  each 
main l e v e r  of t h r u s t  cont ro l  i s  equipped with an a d d i t i o n a l  l e v e r  f o r  cont ro l  
o f  t h e  r e v e r s e r  t h a t  l i e s  wi th in  p i l o t  reach only i n  the  case when the  main 
l e v e r  i s  s h i f t e d  t o  t h e  low- thro t t le  p o s i t i o n .  

- /42 

Drives used i n  c o n t r o l l i n g  t h r u s t  produced by engines f i t t e d  with re- 
v e r s e r s  a r e  made i n  such a way t h a t  the  p o s s i b i l t i y  o f  increas ing  engine rpm 
when reversers  a r e  switched on i s  obviated [25]. 

Figure 1.13 p r e s e n t s  a design scheme of  a reverser used on the "Spay" 
RB-163 Rolls-Royce bypass engine ( f l i g h t  t h r u s t  4,560-5,170 kg) , i n s t a l l e d  on 
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t h e  a i r l i n e r s  Hawker Siddeley HS-121 "T@dent" and the  BAC 1. 111 (Great 
B r i t a i n )  and on t h e  Grumman adminis t ra t ive  a i rcraf t  "Gulfstream" I1 (United 
S t a t e s ) .  

The r e v e r s e r  used on t h e  Pratt-Whitney JT3C-6 t u r b o j e t  engine (United 
S t a t e s ,  t h r u s t  5,080 kg),  i n s t a l l e d  on t h e  Boeing 707-120 a i r l i n e r  i n  under- 
s lung engine n a c e l l e s  on a l l  f o u r  engines,  w a s  b u i l t  according t o  the  same 
scheme as the  one used by Rolls-Royce (Rrev = 0.40).  

ind iv idua l  s e c t i o n s  (Figure 1.14) .  The vanes of  t h e  screen a r e  nonprofi led,  
nade o f  s t a i n l e s s  s teel  sheet. The width o f  t h e  c e n t r a l  s e c t i o n s  i s  114 mm, 
and t h e  rest  76 mm. The chord o f  t h e  vanes i s  about 60 mm i n  length .  The 
vanes are curved a t  the stream i n l e t .  The angle of  vane placement i n  t h e  r e a r  
Df t h e  screen is constant  (approximately 2/3 of t h e  screen  l e n g t h ) ,  b u t  i s  
dar iab le  i n  t h e  f r o n t  s e c t i o n .  The first two vanes are b u i l t  without bends 
2nd a r e  i n s t a l l e d  perpendicular  t o  t h e  engine a x i s .  This screen design, as 
vel1 a s  t h e  ind iv idua l  f l a p s  covering t h e  screen  from without and v i s i b l e  i n  
:he photograph, reduced t o  permiss ib le  l i m i t s  the  inges t ion  of heated gases a t  
he engine i n l e t  and on t h e  s t r u c t u r a l  members of the  a i r c r a f t .  Screen dens i ty  
s about 2.0.  

The screen  i s  made o f  

P i l o t  i n s t r u c t i o n s  provide f o r  switching on the r e v e r s e r  only a f t e r  the  
lose wheel of the  a i rcraf t  has touched ground. 
han 110 km/hr, t h r u s t  r e v e r s a l  i s  c a r r i e d  o u t  when the  number o f  rpm of  the  
nigh-pressure compressor r o t o r  is n o t  g r e a t e r  than 90% of the  r a t e d  value.  
'hen the  v e l o c i t y  is reduced t o  110 km/hr, t h e  negat ive t h r u s t  i s  brought down 
o a value corresponding t o  TI* = 1.5.  This negat ive t h r u s t  s e t t i n g  is  nozzle  
.ept u n t i l  the  a i r c r a f t  comes t o  a f u l l  h a l t 2 .  

A t  an a i r c r a f t  v e l o c i t y  g r e a t e r  

The r e v e r s e r  used on a l l  the  Pratt-Whitney JT8D-1 bypass engines i n s t a l -  
ed on the Boeing 727 c o n s i s t  o f  t h r o t t l i n g  i n t e r n a l  s h u t t e r s  s i m i l a r  t o  those 
sed on t h e  reversers  descr ibed f o r  t h e  Rolls-Royce engines and t h e i r  assoc ia-  

ur face  of the engine nace l le (Figure  1 . 1 5 ) .  For  t h e  c e n t r a l  engine i n s t a l l e d  
n the  r e a r  o f  the a i r c r a f t  fuse lage ,  d e f l e c t i o n  of  gases occurs i n  the  h o r i -  
o n t a l  p lane ,  and for the  two engines loca ted  on pylons along the  a i r c r a f t  
ides--upwards and downwards 3 .  

ed mechanically ex terna l  s h u t t e r s ,  forming i n  t h e  d i r e c t  t h r u s t  regime the  - /44 

Figure 1.16 shows a photograph of  s h u t t e r  type reversers  loca ted  a f t  o f  

On t h e  s e r v i c e  a i r c r a f t  
he j e t  nozzle  of  t h e  Pratt-Whitney JT12A-A6 t u r b o j e t  engines ( t h r u s t  1,360 kg). /45 
'he s h u t t e r s  a r e  hinged p a r t s  of the  engine n a c e l l e .  
ockheed "Jet-Star"  329 (United S t a t e s )  a l l  f o u r  engines i n s t a l l e d  on pylons 
n the  r e a r  s e c t i o n  of  the  fuse lage  are f i t t e d  with these  reversers [37].  

- 

1 
CT 
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Aircraft Engineering, No. 395, pp. 7-11, 1.962. 
Aviation WQek, X ,  Vol. 81, No. 19, pp. 5r 53, 1964. 
Flight, 7/XII, No. 2752, 1961; V ,  No.2826, pp. 681-682, 687-688, 1963. 
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Figure 1.13. 
Engine: 1 ,  Assembly Flange; 2 ,  L i f t i n g  Gear; 3,  D i s t r i b u t i o n  Tubing f o r  Ai r ;  
4 , -Switch;  5 ,  Lever o f  Control Relay; 6 ,  Pneumatic Cyl inders;  7 ,  Locking Mech- 
anism; 8 ,  F loa t ing  Lever; 9 ,  Control Lever; 10, Control Valve; 1 1 ,  Bypass 
Valve f o r  Pressure  Reduction; 12, T h r o t t l i n g  S h u t t e r s ;  13, Rig id i ty  Corruga- 
t i o n s ;  1 4 ,  Front Semicircle of  Housing; 15, Gasket;  16 ,  Assembly Flange; 17, 
Screen Vanes; 18, Release Valve Wall; 19,  Fai r ing  Ring; 20, A i r  Tubing; 21, 
Direct  Thrust  Regime; 22, T h r u s t  Reversal Regime. 

Design Layout o f  Reverser Used on t h e  Rolls-Royce "Spay" Bypass 
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Figure 1 . 1 4 .  
Reverser and 
t h e  Pratt-Wh 
E n g i n e  ( a ) .  
w i t h  Deflect  
Shut te rs  ( b )  

External Appearance of 
Noise Suppressor Used o n  
t n e y  JT3C-6 Turbojet  
Housing of Reverser F i  t t e d  
n g  Screens and T h r o t t l i n g  

I n t e r e s t  has  centered on t h e  
Pratt-Whitney JT3D-1 bypass engine 
( t h r u s t  7,700 kg) , i n  which the 
reversers  are provided f o r  both 
engine passes .  These engines a r e  
i n s t a l l e d  i n  underslung engine na- 
celles on t h e  a i r l i n e r s  Douglas DC- 
-8-50 " J e t l i n e r "  (United S t a t e s )  
and Boeing 707-120B2. 

/46- 

T h r o t t l i n g  of  t h e  gas duct of 
the  i n t e r n a l  engine pass  is provided 
by t i l t i n g  vanes. The stream o f  t h e  
i n t e r n a l  and ex terna l  passes  i s  de- 
f l e c t e d  i n  the  reverse  d i r e c t i o n  by 
p r o f i l e d  screens .  When the t h r u s t  
i s  reversed on these  a i r c r a f t  by t h e  
covering screen  of  t h e  i n t e r n a l  pass, 
the housing o f  t h e  engine n a c e l l e  i s  
s h i f t e d  downward along t h e  stream- 
l i n e  with t h e  a i d  of  a pneumatic 
dr ive ,  uncovering t h e  s h u t t e r s  
(Figure 1.17)  . 

On the bypass engine used on 
t h e  DC-8-50 a i r c r a f t  cold a i r  from 
a two-step f a n  i n  t h e  d i r e c t  t h r u s t  
regime i s  i s s u e d  through two p o r t s  
t h a t  a r e  crescent-shaped and loca ted  
along both s i d e s  o f  the engine 
n a c e l l e ;  on the  Boeing 707-120B a i r  
from the  fan i s  i s s u e d  along t h e  
per iphery.  On t h e  DC-8-50 a i r c r a f t  
t h e  e x t e r n a l  pass  sc reens  i n  the 
d i r e c t  t h r u s t  regime a r e  covered by 
the  ex terna l  ti 1 t i n g  vanes (louvers) 
loca ted  i n  the  longi tudina l  d i rec-  
t i o n .  On the  Boeing 707-120B these  

screens  a r e  covered by being s h i f t e d  backwards by t h e  engine n a c e l l e  housing. 
This housing is  mechanically connected with t h e  t h r o t t l i n g  vanes and is  s h i f t e d  
simultaneously with t h e i r  a c t u a t i o n .  

r e c t i o n  i n  t h r u s t  r e v e r s a l  stems from t h e  f a c t  t h a t  d i r e c t  t h r u s t  obtained by 
a i r  escaping from the  fan represents  almost h a l f  of t h e  o v e r - a l l  engine t h r u s t .  

' A  

*k The necess i ty  f o r  d e f l e c t i o n  of t h e  o u t e r  pass  t h r u s t  i n  t h e  reverse d i -  

i. 

\ % 
~ i - - _ _ _ -  . _  . . ___. - - = . _-. . -~ __-- _ _  = _ - - .  ~ - v- 

Interavia,  No. 4672, p .  8, 1961. 
AeropZane, No. 2553, p .  442, 1960. 
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Figure 1.15. Design Layout of Reverser Used on t h e  Pratt-Whitney JT8D-1 By- 
Pass E n g i n e  i n s t a l l e d  on t h e  Boeing 727: 1 ,  Power C y l i n d e r ;  2 ,  S l i d e  f o r  t h e  
Drive Control 1 ing External S h u t t e r s ;  3 ,  S1 i d e  f o r  Drive Control 1 i n g  Internal  
S h u t t e r s ;  4 ,  G u i d e  S l i d e ;  5 ,  Levers of External S h u t t e r  Drive; 6 ,  Buffer Stop; 
7, External S h u t t e r s ;  8,  Internal  Shut te rs  i n  Thrust  Reversal Regime; 9 ,  S u p -  
por t  Bracket of Internal  S h u t t e r s ;  10, in te rna l  S h u t t e r  Lever. 

Figure 1.18 p r e s e n t s  a photograph of  tlie reverser on t h e  TP33-p-7 bypass 
engine ( t h r u s t  9,525 kg) equipped on the Lockheed C-141 " S t a r l i f t e r "  t r a n s p o r t  
- 

= 0.45) .  The r e v e r s e r  cons is t s  of t i l t i n g  f l a p s ,  comprising p a r t  o f  t h e  /48 Rrev 
engine n a c e l l e 1 .  

Figure 1.19 shows t h e  design layout of  a r e v e r s e r  i n s t a l l e d  on t h e  P r a t t -  
Two such engines are i n s t a l l e d  

The reverse  c o e f f i c i e n t  Rrev = 0.40-0.45, and the switch on time of t h e  

{Whitney JT8D-5 bypass engine ( t h r u s t  5,445 kg) . 
i n  engine n a c e l l e s  i n  t h e  a f t  s e c t i o n  of  t h e  fuselage of  t h e  Douglas DC-9 a i r -  
l i n e r .  

r e v e r s e r  is 1.5-2 s e c . 2  

, x, 
9, 
- -+ 

lAviation Week, 2/Ix,  Vol. 79, No. 10, pp. 69-70, 1963. 

p .  345, 1466. 
21nteravia Val. XX, No. 6 ,  P.  728, 1965; Flight ,  ~ / I I I ,   YO^. 89, NO.  2973, 

38 



! 

Figure 1.16. Reverser Used on t h e  
Pratt-Whi t n e y  JT12-A6 Turbojet  Engine. 

Figure 1 .18.  Reverser Used on t h e  
Pratt-Whi t n e y  TF33-P-7  Bypass 
Engi n e .  

Figure 1 . 1 7 .  Engine Nacel le of  t h e  D C -  
8-50 A i r c r a f t  Equipped w i t h  a P r a t t -  
W h i t n e y  JT3B-1 Bypass E n g i n e :  a ,  W i t h  
Pos i t ion  of E n g i n e  Nacelle Housing and 
External T i l t i n g  Shut te rs  i n  Takeoff and 
Cruise Mode F l i g h t ;  b ,  W i t h  Pos i t ion  o f  
Housing and Shut te rs  i n  Thrust  Reversal. 

Figure 1.20 is a photograph o f  t h e  a f t  s e c t i o n  o f  the General E l e c t r i c  
CJ805-3 (United S t a t e s ,  t h r u s t  5,285 kg) t u r b o j e t  engine with a no ise  suppres- 
s o r  and a r e v e r s e r  equipped with t h r o t t l i n g  s h u t t e r s  and d e f l e c t i n g  screens  

loca ted  forward o f  the  nozzle e x i t  (Erev = 0 .50) .  

120'. Di rec t  t h r u s t  losses  a r e  less than 1%. Switch-on t i m e  f o r  the r e v e r s e r  
is  1 second. 

The screen  coverage angle is  
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Figure 1.19. Design of Reverser on the 
Pratt-Whitney JT8D-5 Bypass E n g i n e  on 
t h e  Douglas .DC-g. 

This engine has been i n -  
s t a l l e d  on t h e  Convair 880 a i r -  
l i n e r  (United S t a t e s ) .  Switch- 
on o f  t h e  reverser takes  p l a c e  
af ter  touchdown o f  the  a i rcraf t  
and v e l o c i t y  has been reduced 
t o  220 km/hr. Maximum engine 
rpm i s  maintained down t o  a ve l -  
o c i t y  of  110-120 km/hr. Then 
t h e  rpm is  reduced t o  a value 
90% of t h e  maximum and r e t a i n e d  
down t o  a v e l o c i t y  of 75 km/hr. 
Subsequently t h e  engine i s  
switched t o  low gas regime with 
maintenance of  the  r e v e r s e r  i n  
t h e  reverse t h r u s t  p o s i t i o n .  

/51 

A s p e c i a l  device obviates  
the p o s s i b i l i t y  of  landing with 
t h r u s t  reversa l  i f  on a given 
engine t h e  t h r o t t l i n g  s h u t t e r s  
do n o t  move i n t o  the  p o s i t i o n  
requi red  f o r  t h r u s t  r e v e r s a l .  

Figure 1 .20 .  Reverser on t h e  CJ805-3 Turbojet  E n g i n e  

The r e v e r s e r  equipped on t h e  General E l e c t r i c  CJ805-23 bypass engine 
( t h r u s t  7,300 k g ) ,  a modif icat ion o f  the  CJ805-3 t u r b o j e t  engine with a f t  a t -  
tachment, i s  loca ted  a f t  of t h e  j e t  nozzles of both engine passes  and cons is t s  
of  s h u t t e r s  and s t ream-def lec t ing  s l o t t e d  s h u t t e r s ,  c o n s t i t u t i n g  hinged p a r t s  

_ _ _ i  .~ -__. .  . _ _  -. - _ _ ~ -  _. . . . .  

Aviation Week, Vol. 75, No. 3 ,  p .  82, 1961; A i r l i f t ,  Vol. 23 ,  No. 4 ,  pp. 65- 
68, 1959. 
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of t h e  engine n a c e l l e  (Figure 1.21) .  On the  Convair 990 a i r l i n e r  (United 

reversers .  
. S t a t e s )  a l l  f o u r  engines i n s t a l l e d  i n  suspended pods are equipped with 

a)  

, -, - .  . 
~ 

. .  

Figure 1 . 2 1 .  Reverser on t h e  CJ805-23 
Bypass Engine: a ,  S i d e  View; b, Posi t ion  
Under t h e  Reverser on t h e  Convair 990.  

The r e v e r s e r  i s  o r i e n t e d  
r e l a t i v e  t o  the  engines i n  such a 
way t h a t  gas escape proceeds i n  
the  h o r i z o n t a l  p lane  ( c f .  Figure 
1 . 2 1 ,  b) . The s l o t t e d  f l a p  i n -  
c l i n a t i o n  angle can b e  v a r i e d  f o r  
a t ta inment  o f  the required 
negat ive t h r u s t  and t o  prevent 
impinging upstream on a i r c r a f t  
s t r u c t u r a l  members. Fo r  t h e  re- 
v e r s e r  shown i n  t h e  f i g u r e ,  t h e  
reverse  c o e f f i c i e n t  a t  a s t ream 
e x i t  angle of  about 45' i s  0 .50 .  
Control of  s h u t t e r s  and s l o t t e d  
f l a p s  i s  accomplished v i a  a sys-  
tem of levers  using hydraul ic  
powered cy l inders .  The kinematics 
o f  t h e  l e v e r  system provides t h e  
s h u t t e r s  and s l o t t e d  f l a p s  simul- 
taneous t r a h s l a t i o n a l  and r o t a t i o f i  
a1 motion. F o r  t h r u s t  r e v e r s a l  
t h e  s h u t t e r s  are s h i f t e d  rearward 
about 685 mm along rails  loca ted  
beneath the  pod pylon. I n  the 
event o f  cont ro l  dr ive  f a i l u r e ,  
a s a f e t y  device holds the  s h u t t e r s  
and f l a p s  i n  a working p o s i t i o n .  
The maximum negat ive t h r u s t  is  
reached i n  2 s e c .  

I n  the  course o f  company i m -  
provement o f  the r e v e r s e r ,  measure 
ment of v i b r a t i o n  was made and 
found t o  be s l i g h t ;  the  range of  
v ibra t ions  d id  not  exceed 1 .3  mm 
[201* 
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CHAPTER I 1  

FUNDAMENTALS OF GAS D Y N A M I C  C A L C U L A T I O N  OF R E V E R S E R S  AND EFFECT OF 
G E O M E T R I C  AND GAS D Y N A M I C  PARAMETERS O N  R E V E R S E  COEFFICIENT 

5 1 .  Fundamentals of Gas Dynamic Calculation of t h e  Reversers 

Let us examine a r e v e r s e r  whose diagram i n  general ized form i s  given i n  /52 - 
Figure 2.1. Here the  s e c t i o n  2 - 2  refers t o  the minimum cross-sect ion of the 
d e f l e c t i n g  screen ,  and s e c t i o n  3 - 3  corresponds t o  t h e  stream a t  i t s  e x i t  from 
t h e  screen ,  t h a t  i s ,  a f t e r  i t  has been t i l t e d  obl ique ly  t o  t h e  cross-sect ion.  
Rotat ing of  the  s t ream obl ique ly  t o  the  c ross -sec t ion  i s  observed when t h e  ex- 
t e n t  of  pressure  reduct ion i s  much g r e a t e r  than the  working l e v e l s  of  p r e s s u r e  
reduct ion f o r  t h r u s t  reversal upon landing. When t h e  reverser i s  cu t  i n ,  t h e  
gas duct i s  p a r t i a l l y  blocked and some of the exhaust gases escape i n  t h e  r e a r -  / 5 3  
ward d i r e c t i o n .  
sc reens .  When t h e  p r e s s u r e  reduct ion levels  IT* nozzle  - < 2 . 2 ,  t y p i c a l  o f  work- 

i n g  modes of reversers  c u t  i n  upon a i rcraf t  landing,  t h e  escape v e l o c i t y  from 
t h e  d e f l e c t i n g  elements , considering the r e l a t i v e l y  high l e v e l  of t o t a l  p res -  
s u r e  l o s s  t h e r e i n ,  i s  subsonic .  Therefore we can assume t h a t  t h e  v e l o c i t y  and 
the  d i r e c t i o n  of  the  stream i n  the  s e c t i o n  3 - 3  are equal t o  i t s  v e l o c i t y  and 
d i r e c t i o n  i n  t h e  s e c t i o n  2-2, but  t h e  s t a t i c  p r e s s u r e  a t  the  e x i t  from the de- 
f l e c t i n g  elements i s  equal t o  the ambient p r e s s u r e .  

- Another p a r t  escapes i n t o  t h e  atmosphere through d e f l e c t i n g  

Figure 2.1. Diagram o f  Reverser and Symbols Used .  

Experimental d a t a  given i n  Chapter V confirmed the v a l i d i t y  o f  the  f o r e -  
going. 

The sum o f  t h e  p r o j e c t i o n  of  reverse  stream momentum i n  the  engine a x i s  
and the momentum of a i r  e n t e r i n g  t h e  engine,  with s u b t r a c t i o n  of  momentum of 
gas escaping from t h e  nozzle ,  is t h e  nega t ive  t h r u s t  Prev of the  engine: 
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where G 2  and v = 

G1 and v = 

B 2  = 

+ G 2  = 

consumption through d e f l e c t i n g  elements of  the  r e v e r s e r  and 
and flow rate a t  ex i t  therefrom; 

consumption through j e t  nozzle  i n  r e v e r s a l  and v e l o c i t y  a t  
e x i t  therefrom; 

angle  o f  gas s t ream e x i t  from d e f l e c t i n g  elements o f  t h e  
reverser r e l a t i v e  t o  engine ax is  ; 

t o t a l  consumption through engine i n  reversal; Grev = G1 

V = a i r c r a f t  f l i g h t  v e l o c i t y  

g = acce lera t ion  due t o  g r a v i t y .  

Under s t a n d  condi t ions,  t h e  negat ive t h r u s t  o f  t h e  nozzle is  

Using the  well-known gas dynamic r e l a t i o n s h i p  

ci 

6 
pof 0.) F-v-j-pF, 

w e  w r i t e  out equation (2.2) and the  value o f  consumption i n  terms of t h e  co- 
e f f i c i e n t s  of t o t a l  p r e s s u r e  recovery o i n  the  r e v e r s e r  and o i n  the  j e t  

nozzle  when t h r o t t l i n g  elements have been i n s t a l l e d  i n  i t :  
2 1 

Here F2 = minimum cross-sec t iona l  a r e a  o f  d e f l e c t i n g  elements; 

F1 = j e t  nozzle a r e a  i n  r e v e r s a l ;  

T = temperature of  gas braking i n  the nozzle;  0 

( 2 . 3 1  

- /54 

43 



where R = gas cons tan t .  
m = 0.389. 

For the  products  of combustion of  a t u r b o j e t  engine 

The values  o f  gas dynamic funct ions f(X) and q(X) a r e  found i n  the  t a b l e  
l i s t e d  by the fol lowing r a t i o s  

1 
~ 

n 'hJ = TI* U 9 n ( A l )  = TI* U 
1 

nozzle 2 nozzle 1 

Here the ex ten t  of pressure  reduct ion 

s u r e  a t  i n l e t  t o  r eve r se r .  

TI* nozzle = po/pH, where po = t o t a l  p res -  

In the case o f  nonuniform f i e l d s  of t o t a l  and s t a t i c  pressure  and angles 
p 2  i n  the  e x i t  s e c t i o n  of the de f l ec t ing  elements o f  t he  r e v e r s e r  and nonuni- 

form pressure  f i e l d s  i n  the e x i t  s e c t i o n  of  the  j e t  nozzle ,  equations (2.3) a r e  
w r i t t e n  i n  i n t e g r a l  form: 

We can use equat ions (2.3) and (2.4) t o  conduct v e r i f i c a t i o n  ca l cu la t ion  
Generalized da ta  on u 9  of t he  r eve r se r ,  t h a t  i s ,  so-ca l led  "forward problem". 

and o the r  information on 

Let us denote by k 
elements of  the  r eve r se r  

L 

0 

t h e  r a t i o  of consumption through t h e  d e f l e c t i n g  
t o  the  o v e r a l l  consumption through the  engine: 

a r e  given i n  Chapter I V .  1 

and we w i l l  in t roduce reduced v e l o c i t i e s  a t  the  e x i t  from the  de f l ec t ing  e l e -  
ments A and the  valve i n  t h r u s t  r eve r sa l  A1. Then equation (2.2) w i l l  become: 2 

(2.5) f< =- kG-a*i, cos &-(1 - - k ) G ' e V " * l i .  
27 rev ' g 

Here a, = c r i t i c a l  speed of sound. 
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Y 
To c a l c u l a t e  t h e  reverse c o e f f i c i e n t  Erev, w e  m u s t  know t h e  d i r e c t  t h r u s t  - /55 

of t h e  nozzle ,  usua l ly  expressed by t h e  c o e f f i c i e n t  Especific nozzle thrust o f  

the  s p e c i f i c  t h r u s t :  

- - Gnozzl e 
Rnozzle - Rspec. nozzle g a,Xideal v e l o c i t y '  

t h  rus t 

and f o r  determination of  t h e  consumption c o e f f i c i e n t  i n  r e v e r s a l  

know the  value of  the consumption through the nozzle  i n  forward t h r u s t :  

w e  must rev '  

G - - 
Gnozzle  'nozzle ideal ve loc i ty  

= i d e a l  consumption G i d e a l  v e l o c i t y  = consumption c o e f f i c i e n t ,  Here 'nozzle 

PO 
Gideal  veloci.ty = m ' 7 7  (Xideal veloci ty)Fnozzle  

= reduced v e l o c i t y  a t  t o t a l  expansion from t o t a l  p ressure  where X 

po forward of t h e  nozzle up t o  t h e  pressure  p o f  t h e  surrounding environment, 

= a r e a  of  c r i t i c a l  s e c t i o n  of nozzle i n  forward t h r u s t .  I t  is assumed Fno z z l e  
t h a t  t h e  c h a r a c t e r i s t i c s  o f  t h e  nozzle are known i n  t h e  form of  t h e  funct ion 

with the  e x t e n t  of  pressure  reduct ion i n  R s p e c i f i c  nozzle  t h r u s t  and 'nozzle 
t h e  nozzle as the  dependent v a r i a b l e  

ideal ve loc i ty  

H 

- 

Consumption through t h e  engine when the  r e v e r s e r  has been c u t  i n  must 
equal t h e  consumption through i t  i n  forward t h r u s t ,  t h a t  i s ,  t h e  consumption 
c o e f f i c i e n t  crev = Grev/Gnozzle  = 1. 

p r e s s  t h e  r e v e r s a l  c o e f f i c i e n t  i n  t h e  fol lowing form: 

Then, by using equat ion (2.5),  w e  ex- 

1 
- 

[kh, COS F2-( 1 - k f  Ai]. ( 2  * 7) Rrev = - Rrev = - ~~ 

spec.  noz.'i deal v e l o c i t y  
t h r u s t  

Rnoz. R 

Thus, i n  c a l c u l a t i n g  t h e  r e v e r s e r  loca ted  forward of  the e x i t  s e c t i o n  of 
t h e  j e t  nozzle ,  i n  addi t ion  t o  c h a r a c t e r i s t i c s  of  t h e  nozzle  ~spec.nozzle  

and 'nozzle 
e n t i r e  consumption i s  d e f l e c t e d  i n  the  r e v e r s e r ,  it i s  s u f f i c i e n t  t o  have ad- 
d i t i o n a l l y  only two parameters a2 and 6,: 

we must y e t  have a v a i l a b l e  t h e  parameters a2, B2, a l ,  k.  When t h e  
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cos B 
. . .  -_ - - Rrev - - 

R s p e c i f i c  nozzle thrus;' 'ideal veloci ty  

The negat ive  t h r u s t  of the engine when e x t e r n a l  flow is present  i s  w r i t -  
t e n  i n  t h e  fol lowing form i n  terms o f  t h e  reverse c o e f f i c i e n t :  

where P = forward t h r u s t  o f  engine.  

I n  t h e  ac tua l  p r a c t i c e  o f  designing r e v e r s e r s ,  w e  encounter t h e  so-ca l led  
"reverse problem" .which formulated thus ly :  f o r  a reverse  c o e f f i c i e n t  and known 
c h a r a c t e r i s t i c s  of  the  d e f l e c t i n g  and t h r o t t l i n g  elements,  w e  want t o  f i n d  t h e  
appropr ia te  p o s i t i o n  of  t h e  l a t t e r  and t h e  requi red  minimum cross-sec t iona l  
a rea  o f  t h e  d e f l e c t i n g  elements.  

/56 - 

Using formulas ( 2 . 7 )  f o r  t h e  reverse  c o e f f i c i e n t  and (2.6) f o r  t h e  f o r -  
ward t h r u s t  o f  t h e  nozzle  i n  terms o f  the  c o e f f i c i e n t  of  t h e  s p e c i f i c  t h r u s t  
produced a t  t h e  nozzle ,  w e  can der ive  an expression f o r  t h e  requi red  value k 
necessary t o  ensure t h e  s p e c i f i e d  reverse  c o e f f i c i e n t  f o r  given c h a r a c t e r i s -  
t ics  of  the  d e f l e c t i n g  elements and of  the nozzle  when t h e  t h r o t t l i n g  elements 
have been i n s t a l l e d  i n  t h e  nozzle:  

'1 
cos B2 + A2 - 

hidea l  v e l .  'ideal ve loc i ty  

The requi red  value o f  k i s  a func t ion  of  the  p o s i t i o n  o f  t h e  elements t h r o t t l -  
i n g  t h e  gas duct of  t h e  engine,  f o r  example, t h e  t i l t i n g  angle $I o f  the s h u t t e r  
ters ,  f l a p s ,  e tc .  

The v a r i a b l e s  A I  , B and h e n t e r i n g  i n t o  expression (2.10) m u s t  be  de- 

We m u s t  a l s o  f i n d  from experiment t h e  funct ion of the  
2 2 

termined experimental ly .  
assumed value of k :  

(2.11) 

We w i l l  t ake  as the  assumed value o f  k t h e  f r a c t i o n  o f  the over -a l l  con- 
sumption t h a t  m u s t  be  d i r e c t e d  t o  t h e  d e f l e c t i n g  elements f o r  the s e l e c t e d  
scheme of t h r o t t l i n g  elements.  Since t h e  funct ions k l (@)  and kZ($I) are 
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a n a l y t i c a l l y  unknown, combined so lu t ion ,  of equations (2.10) and (2.11) f o r  
determination o f  t h e  values  of  k and + &S b e s t  done graphica l ly .  
c h a r a c t e r i s t i c s  of  the  d e f l e c t i n g  element's '(a 

i s t i c s  when t h e  t h r o t t l i n g  elements have been i n s t a l l e d  i n  it (a ) ,  w e  can f o r  

s e v e r a l  p o s i t i o n s  of  t h e  t h r o t t l i n g  elements c a l c u l a t e  from formula (2.10) t h e  
required value of  the  f r a c t i o n  o f  t h e  o v e r - a l l  consumption which must be d i -  
r e c t e d  t o  the  d e f l e c t i n g  elements i n  order  t o  obta in  the  des i red  reverse coef- 
f i c i e n t .  The sought-for  values o f  k and + are found from the i n t e r s e c t i o n  of 
t h e  curves k (+) and k2(+)  p l o t t e d  i n  terms of  the coordinates  + and k .  

ca lcu la ted  from the  formula 

Knowing t h e  
B2) and t h e  nozzle  character-  2'  

1 

1 

The necessary minimum cross-sec t iona l  a r e a  of  the d e f l e c t i n g  elements i s  

(2.12) 

We f i n d  the  value q(X ) from the known values of  T* 2 nozzle where po2 = poa2. 

and 0 2 .  

52. Effec t ive  Geometric and Gas Dynamic Parameters on the Reverse Coeff ic ien t  - / 5 7  

We w i l l  wr i te  t h e  expression f o r  negat ive t h r u s t  o f  t h e  nozzle  i n  the  
following form: 

where 

= design angle  of vane a t  e x i t  from screen;  

= a r e a  occupied by screen;  

Bvane 

Fscreen 

Fq = a r e a  of  c learances i n  the  t h r o t t l i n g  element 
c los ing  the nozzle;  

= c r i t i c a l  speed o f  sound; 

1 
2 -  Q * = ( I r + l )  e o -  = dens i ty  o f  gas i n  the c r i t i ca l  s e c t i o n ;  
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q(X) = reduced cohsumption; 

X = reduced :veJo&ity a t  e x i t  from nozzle;  

0 = t o t a l  p ressure  recovery c o e f f i c i e n t .  

1 

The index "0" denotes the  braking parameters ,  and the  indexes 1, 2 ,  3, 
and 4 denote the  c ross -sec t ions  shown i n  Figure 2 . 1 .  

I n  equation (2.13) i t  has been assumed t h a t  X = A and p - 2 3  2 - pH' 

When the r eve r se r  has been cu t  o u t ,  the  gas e x i t i n g  from the  nozzle  pro- 
duces p o s i t i v e  t h r u s t .  

= s t a t i c  p re s su re  a t  nozzle c ross -sec t ion ,  

= ambient p re s su re .  

where Pnozzle 

PH 

Dividing equat ions (2.13) by (2.14) ,  we g e t  an expression of  the reverse  
c o e f f i c i e n t  as a func t ion  o f  gas dynamic and geometr ical  parameters of the  re- 
ve r se r :  

(2.151 

Let us consider  the e f f e c t  o f  geometric parameters of t he  r eve r se r ,  t h a t  
i s ,  the  a rea  of the d e f l e c t i n g  screens  and the  angle of gas escape B 2  on the 

reverse  c o e f f i c i e n t .  Let us take as the optimal r eve r se r s  the design f o r  which 
a t  a given area occupied by the de f l ec t ing  screens  or t he  connecting p ipes  i n  
t h e  j e t  duct of the engine,  t he  reverse  c o e f f i c i e n t  w i l l  be  a t  a maximum o r  
f o r  a given reverse  c o e f f i c i e n t  the ind ica t ed  c ross -sec t iona l  a r ea  w i l l  be at  
a minimum. To exclude the  e f f e c t  of the  r e v e r s e r  on the engine i t  i s  necessary 
t o  s a t i s f y  the fol lowing e q u a l i t y  

- /58 

(2.16) 

- For s i m p l i c i t y  i n  ana lys i s ,  l e t  us consider the  case when pnozzle - pH, 

t h a t  i s ,  f o r  s u b c r i t i c a l  o r  near  c r i t i c a l  ex ten t  of pressure  reduct ion o r  when 
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t h e r e  is complete expansion of gas i n  the  nozz le .  L e t  us a l s o  assume t h a t  
U = 1, t h a t  i s ,  t o t a l  p ressure  losses  i n  t h e  nozzle with t h e  reversers  nozzle 
cu t  ou t  do not  e x i s t ,  and t h a t  B 2  == BVme . 
(2.16) i n  the  r e l a t i o n s h i p  (2.15) we g e t  

Then, s u b s t i t u t i n g  expression 

- 
- = r e l a t i v e  cross  - sec t iona l  a r e a  of d e f l e c t i n g  where Fscreen - Fscreen'Fnozzle 

screens ; 

The reduced v e l o c i t i e s  A1 and X 

With a reduct ion i n  Bvane 

depend on the  t o t a l  p r e s s u r e  recovery 2 
c o e f f i c i e n t s  i n  t h e  t h r o t t l i n g  and d e f l e c t i n g  elements o f  t h e  r e v e r s e r ,  respec- 

at Fs ween t i v e l y .  

c ross -sec t iona l  a r e a  o f  t h e  d e f l e c t i n g  element,  and consequently, t h e  gas con- 
sumption def lec ted  t o  t h e  reverse  d i r e c t i o n ,  i s  reduced. To s a t i s f y  condi t ion 
(2.16) ,  the amount of  gas bypassed i n  the s t r a i g h t - f l o w  d i r e c t i o n  f o r  which t h e  
a rea  F m u s t  b e  increased  must r i s e .  4 
lead t o  a change i n  c o e f f i c i e n t  u Thus, i n  t h e  general  case t h e  parameter 5 
i s  a func t ion  of t h e  angle Bvane .  
por tance t o  u s ,  w e  can assume that 5 does not  depend on the  angle BVane. 
t h e  f irst  case,  when t h e  t h r o t t l i n g  s h u t t e r s  a r e  loca ted  a t  the e x i t  s e c t i o n  of  
the  nozzle .  Gas escaping through t h e  gaps leaves the nozzle  a t  a s u p e r c r i t i c a l  
degree of p r e s s u r e  reduct ion a t  a reduced v e l o c i t y  X1 = 1. 

when t h e  t h r o t t l i n g  s h u t t e r s  a r e  loca ted  s o  f a r  from t h e  e x i t  c ross -sec t ion  of 
the  nozzle t h a t  they p r a c t i c a l l y  completely d i s s i p a t e  t h e  a x i a l  v e l o c i t y ,  such 
t h a t  X1 << 1, and wi th in  t h e  l i m i t s  X1 = 0.  

= const ,  t h e  minimum passage 

Var ia t ion  i n  t h e  r a t i o  F4/Fnozzle w i l l  

4 '  
However, i n  the two cases of p r a c t i c a l  i m -  

I n  

I n  the second, 

t h a t  corresponds t o  t h e  maximum vane Let us f i n d  t h e  value o f  t h e  angle B 

reverse  c o e f f i c i e n t  f o r  the s p e c i f i e d  l i m i t i n g  cases when t h e r e  is a f i x e d  
value of  the  parameter Fscreen, f o r  which w e  w i l l  d i f f e r e n t i a t e  (2.17) i n  terms, 

of the  angle Bvane ,  assuming t h a t  q(Xz) and azdo not  depend on t h e  angle  B vane ' 

Equating t h e  praduct  t o  zero,  w e  g e t  t h e  optimal angle as a func t ion  of t h e  
r a t i o  of  v e l o c i t i e s  

- - E  f VE+8 CoSBoptimal vane angle  = 4 (2.18) 
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I n  expression (2.18) w e  must take  a p l u s  s i g n  i n  f r o n t  o f  t h e  r o o t ,  which cor- /58 
responds t o  the  angle Bvme < 9 0 " .  

- 

If the  t h r o t t l i n g  elements a r e  loca ted  c lose  t o  t h e  nozzle  e x i t  ( 5 = 1)  , 
If then the  optimal angle o f  t h e  e x i t  o f  t h e  stream from t h e  screen  is 60". 

t h e  t h r o t t l i n g  elements are loca ted  remotely from t h e  e x i t  cross-sect ion of  
the  nozzle  ( 5 = 0) then t h e  angle B i s  45".  vane 

Resul ts  of c a l c u l a t i n g  t h e  reverse  c o e f f i c i e n t  from formula (2.17) f o r  

I n  the  
the value 5 = 1 and 5 = 0 i n  t h e  case o f  an absence of t o t a l  p ressure  losses  i n  
t h e  d e f l e c t i n g  screens ,  t h a t  is , when o2 = 1, are shown i n  Figure 2.2.  

c a l c u l a t i o n ,  the  value o f  Fs creen is  taken as a parameter.  The maximum reverse  

c o e f f i c i e n t  corresponds t o  the  optimal value o f  the angle a t  a given area  - vane 
and f o r  a given reverse  c o e f f i c i e n t - - f o r  minimum screen  (Figure 2 .3) .  Fs creen 3 

The maximum value o f  t h e  reverse  c o e f f i c i e n t  = cos Bvane, is p l o t t e d  on 

t h e  f i g u r e ,  corresponding t o  t h e  case when t h e  e n t i r e  consumption passes  
through t h e  screen  and t h e  losses  of  t o t a l  p r e s s u r e  i n  t h e  nozzle and i n  the  

rev  

d e f l e c t i n g  on t h e  screen  a r e  absent 

Figure 2.2.  Reverse Coeff ic ien t  as 
a Function of t h e  A n g l e  of Stream 
Exit  a t  Constant Relat ive Area 

of t h e  Deflect ing Screen; Fscreen 
71 k = 1.9. ( T h e  Sol  i d  Curves nozz 1 e 
Correspond t o  t h e  Rat io  of  t h e  Re- 
duced Veloci t ies  A I / A 2  = 1.0; and 

t h e  Dashed--When A l / A 2  = 0 ) .  

- Figure 2.3. Relat ive Area of Deflect-  
i n g  Screens as a Function of Stream 
Exit  A n g l e  a t  Constant Reverse Coef- 
f i c i e n t .  
those i n  Figure 2 . 2 . ) .  

( T h e  Symbols a r e  the same as 
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I t  follows from ca lcu la t ions  t h a t  i n  the  absence o f  t o t a l  p re s su re  losses  
the  values of the  reverse  c o e f f i c i e n t s  needed i n  p r a c t i c e  (about 0.5) can be  
obtained when t h e  stream angle a t  exi t  from the  sc reen  g2  = 45-60'. I t  is  
obvious t h a t  i t  w i l l  b e  more p r o f i t a b l e  t o  have l a rge  stream escape angles 
s i n c e  he re  the  p r o b a b i l i t y  o f  t he  hea ted  reverse stream sweeping over  the  
engine n a c e l l e ,  fuse lage ,  or wing o f  t he  aircraft  i s  reduced. 

L e t  us consider  the  e f f e c t  t h a t  t he  c o e f f i c i e n t  o f  t o t a l  p ressure  r e -  
covery i n  the  d e f l e c t i n g  screen  and the  ex ten t  of  pressure  reduct ion have on 
the reverse  c o e f f i c i e n t .  

For s i m p l i c i t y ,  l e t  us consider  the  case when a l l  o f  the  gas passes  
through t h e  r eve r se r .  Then i t  follows from t h e  consumption equat ion t h a t  

vane ('2) s i n g  Fs creen - - _ _  ) o2 = 1 
Fnozzl e 4 ('nozzle 

and expression (2.15) can be  transformed t o  the  following form: 

I f  t he re  a r e  lo s ses  o f  t o t a l  p re s su re ,  the  reverse  c o e f f i c i e n t  is reduced by a 
reduct ion i n  v e l o c i t y  a t  the  e x i t  from the  sc reen .  

The reverse  c o e f f i c i e n t  as func t ion  of  the  c o e f f i c i e n t  o f  t o t a l  p re s su re  
recovery 0 i s  shown i n  Figure 2.4.  The ca l cu la t ion  w a s  based on formula 2 
(2.19) f o r  pnozzle - - pH. When t h e r e  i s  an inc rease  i n  the  t o t a l  p ressure  l o s -  

s e s  i n  the  sc reen ,  the reverse  c o e f f i c i e n t  decreases .  Here, t o  r e t a i n  t h e  un- 
changed consumptions through the  engine compared t o  the case CT = 1, we must 

increase  the  e x i t  c ros s - sec t iona l  area of  t he  sc reen  F (Figure 2.5) .  
2 

2 

When some of  the gas  passes  through the  nozz le ,  t he  reverse  c o e f f i c i e n t  
i s  reduced by the  amount 

which is d i r e c t l y  propor t iona l  t o  the  gas consumption and i t s  ve loc i ty  a t  the  
nozzle  e x i t .  
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Figure 2 .4 .  Reverse Coeff ic ien t  as a 
Function of t h e  Total  Pressure Recpvery 
Coef f i ci e n t  f o r  B v a n e  = 37" and 

n ;: = 1 .9 .  (The  Sol id  Curve Cor- nozzle 
responds to t h e  Absence of Gas Passing 
Through t h e  T h r o t t l i n g  Elements; 
Dashed Lines--for t h e  Case of Constant 

Area Fscreen Corresponding t o  a2 = 1.0) 

If t h e  e x i t  c ross -sec t iona l  
area o f  t h i s  sc reen  compared t o  t h e  
C a s e  a2 = 1 remains unchanged, then 
t o  r e t a i n  the  condition IT* - 

nuzzle  
= const some of t h e  gas m u s t  b e  
r e l e a s e d  t o  the  j e t  nozzle,  which 
sharp ly  reduces the reverse  coef- 
f i c i e n t  (dashed l i n e s  on Figure 2.4). 

- 

I n  t h i s  case, as has a l ready 
been remarked, a reduct ion i n  t h e  
reverse  c o e f f i c i e n t  depends s t r o n g l y  
on t h e  escape v e l o c i t y  of t h e  gas 
from t h e  j e t  nozzle .  The l i m i t i n g  
cases corresponding t o  A = 0 and 

X = 1.0 a r e  p l o t t e d  i n  the f i g u r e .  
1 

1 

As has been ind ica ted ,  f o r  a 
c r i t i ca l  degree of  pressure  reduc- 
t i o n  i n  the  nozzle  

- t h e  obl ique cross-sect ion does not  f u n c t i o n  i n  the screen,  and, Pnozzle - PHJ 
consequently,  we can assume that X 3  = A 2  and B 3  = B 2 .  The reverse  c o e f f i c i e n t  

when cs = 1 and t h e  independence of t h e  angle B on t h e  ex ten t  o f  pressure  re- 2 2 
duction do n o t  depend on ~ i ~ ~ ~ ~ ~ .  

If t h e  e x t e n t  of  p r e s s u r e  reduct ion i n  the  nozzle i s  s u p e r c r i t i c a l ,  then /62 - 
k - 

nozzle > and i t  is c l e a r  from. the r a t i o  (2.19) t h a t  the  reverse  

Owing t o  t h e  presence of  an obl ique cross-  
rx-* n A 

c o e f f i c i e n t  depends on T* 

s e c t i o n  i n  t h e  screen  t h e  escape v e l o c i t y  from t h e  screen  and t h e  stream angle 
a t  the  e x i t  a r e  changed. 

nozzle  * 

The stream angle a t  the  e x i t  from t h e  screen ,  owing t o  t i l t i n g  i n  the  
oblique c ross -sec t ion ,  can, fo,r  example, be found from the  consumption equation 
w r i t t e n  f o r  the  cross-sect ions 2-2  and 3 - 3 :  
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where q(X2) and B = s t i p u l a t e d  geometrical  and gas dynamic parameters o f  
of t h e  screen;  vane 

?, = determined from e x t e n t  o f  pressure  reduct ion p /p 

3 
3 H O  

and t h e  c o e f f i c i e n t  of  t o t a l  p r e s s u r e  recovery CT 

i n  the  obl ique c ross -sec t ion .  

2, I 

7, 5 

',O 

.. 

Figure 2 . 5 .  
of t h e  Coef f ic ien t  of Total Pressure Recovery f o r  Di f fe ren t  w': 

Relat ive Area of Deflecting Screens of t h e  Reverser as a Function 

nozz 1 e' 

The presence o f  losses  i n  the obl ique c ross -sec t ion  w i l l  l ead  t o  an i n -  
and t o  a reduct ion i n  t h e  v e l o c i t y  ?, 

2 2 '  
depends on the  geometric parameters o f  the  screen and t h e  

c rease  i n  t h e  angle  

value o f  the  angle  $ 

t o t a l  p ressure  losses  i n  i t  [SI  and can be found without  allowing f o r  l o s s e s ,  
from formula 

The l i m i t i n g  

3 

Here the  l i m i t i n g  value o f  the  p r e s s u r e  r a t i o s  i s  

A f u r t h e r  reduct ion o f  t h i s  s e t  o f  p r e s s u r e  r a t i o s  does not  r e s u l t  i n  an i n c r e -  
ase  o f  t h e  angle B 3' 
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By way o f  example, Figure 2.6 p r e s e n t s  t h e  r e s u l t s  o f  c a l c u l a t i n g  t h e  
reverse  c o e f f i c i e n t  f o r  a s i n g l e  model. I t  w a s  assumed i n  t h e  c a l c u l a t i o n  
t h a t  t h e  c o e f f i c i e n t  of  t o t a l  p r e s s u r e  recovery i n  t h e  d e f l e c t i n g  screens 
does n o t  depend on t h e  e x t e n t  of  pressure  reduct ion .  
per imental  values of t h e  reverse  c o e f f i c i e n t  obtained from tests have a l s o  
been p l o t t e d .  
t h r o t t l i n g  element i n  t h e  form of a diaphrgam with opening equal t o  25% of 
the  nozzle c ross -sec t ion  escape a r e a  has been made on the  assumption t h a t  

'1 Anozzle '  - 

I n  t h i s  same f i g u r e  ex- 

Calcu la t ion  of t h e  r e v e r s e r  model with d e f l e c t i n g  screens and 

- 

rey 
R 

------ 

F i g u r e  2 . 6 .  Reverse Coeff ic ien t  as Calculated Functions of t h e  Extent of 
Pressure Reduction f o r  Di f fe ren t  Total Pressure Recovery Coeff ic ien ts  and 
Comparison w i t h  Experiment f o r  a Reverser Model w h e n  f3 = 37". (Sol id  

Curves Correspond t o  t h e  Case i n  Which There i s  no Passage of Gas Through t h e  
T h r o t t l i n g  Diaphragm; Dashed Curves Correspond t o  t h e  Presence i n  t h e  Dia- 

vane 

phragm of Openings Having an Area F 4 = O s 2 *  Fnozzle 1. 

Comparison o f  t h e  c a l c u l a t e d  values  o f  t h e  reverse  c o e f f i c i e n t  with. ex- - /64 
perimental  revea ls  t h a t  f o r  the  given s imples t  model c a l c u l a t i o n  i n  general  
follows t h e  reverse  c o e f f i c i e n t  as a func t ion  of t h e  e x t e n t  of  pressure  reduc- 
t i o n  and as a func t ion  of d i s t r i b u t i o n  o f  consumption between t h e  r e f l e c t i n g  
screen  and t h e  nozzle .  

The s m a l l e s t  value of t h e  t o t a l  p r e s s u r e  recovery c o e f f i c i e n t  i n  the  
d e f l e c t i n g  screen  for t h i s  model i s  equal ,  ev ident ly ,  t o  0 . 9 .  

We m u s t  n o t e  t h a t  the  reverse  c o e f f i c i e n t  is  t h e  func t ion  of t h e  e x t e n t  
of  pressure  reduct ion a r e  marked by g r e a t  d i v e r s i t y  (Chapter I V ) .  

terminat ion o f  t h e  values of  Erev encounter c e r t a i n  d i f f i c u l t i e s  which have 

n e c e s s i t a t e d  i n  p r a c t i c e  r e s o r t i n g  t o  model tests o f  r e v e r s e r s .  

Design de- 
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CHAPTER I l l  

STUDY METHODS A N D  EXPERIMENTAL FACILITIES FOR TESTING 
R E V E R S E R  AND DEFLECTOR M O D E L S  

5 1 .  Methods o f  Study ing  Reversers and Deflectors - / 6 5  

Construct ing r e v e r s e r s  and d e f l e c t o r s  requi res  comprehensive and c a r e f u l  
experimental  i n v e s t i g a t i o n .  These i n v e s t i g a t i o n s  a r e  conducted as follows : 

- -  on models i n  s p e c i a l  experimental  i n s t a l l a t i o n s ;  

- -  on small-scale  engines i n  s t a n d  t e s t s ;  

- -  on models of a i r c r a f t  i n  low v e l o c i t y  wind tunnels ;  

- -  on f u l l - s c a l e  engines i n  s t a n d  t e s t s ;  

- -  on a i r c r a f t  i n  t a x i i n g ,  tes t  landings and t a k e o f f s .  

S tudies  on models allow us t o  explore  t h e  e f f e c t  o f  design and gas dyna- 
mic parameters on c h a r a c t e r i s t i c  c o e f f i c i e n t s ,  t o  determine the  requi red  pas-  
sage c ross -sec t iona l  a reas  of d e f l e c t i n g  and t h r o t t l i n g  elements,  t o  s tudy on 
the b a s i s  of  measurements of p r e s s u r e  f i e l d s  and angle c h a r a c t e r i s t i c s  of t h e  
flow i n  elements of  reversers  and d e f l e c t o r s ,  t o  secure  informati,on about t h e  
s i z e  o f  hinge moments, d a t a  on d i s t r i b u t i o n  of  pressure  along s t reaml ined  s u r -  
f a c e s ,  t h a t  i s ,  t o  obta in  the  b a s i c  information required i n  b u i l d i n g  r a t i o n a l  
designs of  these devices .  

L e t  us dwell on s e v e r a l  general  problems i n  research on reversers  and 
d e f l e c t o r s  on models. 

Experimental f a c i l i t i e s  are equipped with force-measuring devices (scales) 
t h a t  allow us t o  measure the d i r e c t  t h r u s t  o f  t h e  nozzle  f o r  nega t ive  t h r u s t  

s tudying d e f l e c t o r s .  
of t h e  r e v e r s e r ,  and a l s o  the  v e r t i c a l  component of  t h e  t h r u s t  when we a r e  /66 

High requirements have been placed on p r e c i s i o n  o f  measurements on f a c i l -  
i t i e s  intended f o r  use i n  s tudying  j e t  nozzles and d e f l e c t o r s .  Usually con- 
sumption must b e  measured on such i n s t a l l a t i o n s  with a p r e c i s i o n  not  l e s s  than 
+1%, and t h r u s t - -  5 5 % .  The p r e c i s i o n  i n  measuring negat ive t h r u s t  o f  rever -  
sers,  speaking genera l ly ,  can be lower ( + 1 - 2 % ) ,  s i n c e  no unique c r i t e r i a ,  as 
i n d i c a t e d  i n  53  o f  Chapter I ,  e x i s t s  f o r  the required value of  t h e  reverse  
c o e f f i c i e n t  t h a t  m u s t  b e  provided f o r  t h e  r e v e r s e r .  
dynamic improvements of the  r e v e r s e r  of  any scheme o r  scheme modif icat ion is  
subordinate  i n  importance compared t o  i t s  o t h e r  charac te r i s t ics - -envelope  d i -  
mensions, weight,  p o s s i b i l i t i e s  of r e a l i z i n g  i n  an a c t u a l  design, e tc .  How- 
ever ,  i n  a c t u a l  p r a c t i c e ,  i n v e s t i g a t i o n  of  reversers  proceeds with high 

On t h e  o t h e r  hand, gas 
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measurement p r e c i s i o n ,  s i n c e  their  tes.ts are conducted on the  same fac i l i t i e s  
as nozzle tests. 

Experimental f ac i l i t i e s  f o r  i n v e s t i g a t i n g  models of  j e t  nozzles ,  re- 
versers and d e f l e c t o r s  i n  t h e  form o f  p i p e  bend t h a t  can b e  t i l t e d  have won 
acceptance. 
measuring device t h a t  i s  not  a s t r u c t u r a l  p a r t  o f  t h e  f a c i l i t y  i t s e l f .  
some i n s t a l l a t i o n s  a movable bend i s  d i r e c t l y  connected with a lever  on which 
a pan i s  provided f o r  weights t h a t  equal ize  t h e  measured f o r c e  of  t h r u s t .  
Lately,  u n i t s  i n  which forces  a r e  measured by tensometry have been enjoying 
mounting acceptance.  

I n  s e v e r a l  designs t h i s  bend i s  connected with a suspended force-  
I n  

I n v e s t i g a t i o n  of  models of  reversers  and d e f l e c t o r s  is  usua l ly  conductec‘ 
i n  a i r .  We know t h a t  some s t u d i e s  o f  r e v e r s e r  models have been conducted on 
u n i t s  equipped with t h e  combustion chambers o f  a i r - j e t  engines [37’J. However, 
conducting tests o f  reverser and d e f l e c t o r  models i n  t h i s  way does not  stem 
from n e c e s s i t y ,  s i n c e  t h e  d a t a  obtained from tes t s  i n  cold a i r  can be recal- 
cu la ted  t o  n a t u r a l  condi t ions by a well-known method. 

I n  o r d e r - f o r  t h e  r e s u l t s  of  model tests t o  be t r a n s f e r r e d  t o  f u l l - s c a l e  

The first condi t ion i s  m e t  by t e s t i n g  models f o r  given 
The second 

appl ica t ion ,  w e  must s a t i s f y  s i m i l a r i t y  condi t ions,  i n  p a r t i c u l a r ,  with respect  
t o  M and Re numbers. 
ex ten t  of  pressure  reduct ion t h a t  ob ta ins  i n  a f u l l - s c a l e  engine.  
condition is more d i f f i c u l t  t o  satisfy.  

The R e  number f o r  a model must be h igher  than the c r i t i c a l  R e  number, 
which i s  approximately 3-10? The R e  number m u s t  be ca lcu la ted  from the  char- 
a c t e r i s t i c  dimensions of t h e  r e v e r s e r  or  d e f l e c t o r ,  for example, from the  
chord o f  t h e  vane of the  d e f l e c t i n g  screen or the  p i t c h  o f  the  screen ,  and f o r  
t h e  r e v e r s e r  with s h u t t e r s ,  along the  gap between t h e  s h u t t e r s  and t h e  j e t  
nozzle (engine nace l le )  forming a minimm passage cross-sect ion of  the  rever-  
ser.  Usually,  when t e s t i n g  models the  modeli-ng scale i s  1/5-1/8. Units i n  
which the j e t  p ipe  diameter ( c r i t i c a l  nozzle  cross-sect ion)  i s  about 100 mm 
have been widely accepted. These i n s t a l l a t i o n s  r e q u i r e  a measured amount of  
a i r .  On t h e  o t h e r  hand, f o r  these  dimensions o f  t h e  s h u t t e r - t y p e  r e v e r s e r  
model the  c h a r a c t e r i s t i c  Re number w i l l  prove t o  b e  h igher  than t h e  c r i t i c a l .  

/ 6 7  - 

Deflec t ing  screens  o f  reversers  and d e f l e c t o r s  i n  f u l l - s c a l e  engines have 
vane chord dimensions within the  range 50-70 mm. When modeling such screens 
i n  the  s c a l e  i n d i c a t e d ,  the  dimensions o f  t h e  vane chord w i l l  b e  too small  i n  
order  t o  s a t i s f y  the  s i m i l a r i t y  condi t ion i n  Re number. Estimates have shown 
t h a t  t h e  s i z e  of  t h e  vane chord of  the model f o r  M2 numbers of about 0 .9  f o r  

the  stream e x i t  from t h e  r e v e r s e r  a r e  c h a r a c t e r i s t i c  f o r  improved r e v e r s e r s ,  
and must be taken as equal t o  approximately 15 mm. On the  o t h e r  hand, when 
manufacturing vanes of  d e f l e c t i n g  screens with smal le r  dimensions t h e i r  geo- 
metr ic  shape can be imprdperly executed. Thus, when i n v e s t i g a t i n g  models of 
reversers  and d e f l e c t o r s  with screens we have t o  r e s o r t  t o  u n i t s  of  f a i r l y  
l a r g e  s i z e .  
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Another method of i n s u r i n g  t h e  requi red  R e  number i s  t o  conduct tests o f  
reversers  and d e f l e c t o r s  with screens  on smal l - s ize  engines .  I n  the  course of  
t h e  s t u d i e s ,  j u s t  as  when t e s t i n g  on f u l l - s i z e d  engines,  i t  appears p o s s i b l e  
t o  s tudy  n o t  only gas dynamic problems, b u t  a l s o  t h e  temperature condi t ions of  
p a r t s  o f  assemblies,  the  working order  of  t h e  s t r u c t u r e ,  and s o  on. 

Inves t iga t ions  of  reversers  and d e f l e c t o r s  i n  l o c a t i o n  on t h e  aircraft  
when t h e r e  i s  e x t e r n a l  s t reaml in ing  a r e  of  g r e a t  importance. 
on models o f  a i r c r a f t  i n  wind tunnels  during which the  r e v e r s e r s  and d e f l e c t -  
ors a r e  modified i n  such a way as t o  preclude impinging of t h e  d e f l e c t e d  
stream on t h e  engine i n l e t  and on t h e  s t r u c t u r a l  members O f  t h e  aircraft .  I n  
these  s t u d i e s  water vapor o r  hea ted  a i r  i s  passed through t h e  model of the  r e -  
v e r s e r ,  and as t h e  temperature a t  t h e  a i r  scoop i n l e t  rises, this i n c r e a s e  is 
used t o  estimate t h e  incurs ion  i n t o  it o f  the def lec ted  j e t  stream. 
d i t i o n ,  when water  vapor o r  smoke-f i l led a i r  i s  used as t h e  working f l u i d  i t  
appears p o s s i b l e  t o  conduct v i s u a l  observat ion.  

S tudies  a r e  made 

In  ad- 
/ 6 8  - 

The f i n a l  s t a g e  i n  t h e  cycle  of s t u d i e s  conducted i n  t h e  b u i l d i n g  of r e -  
versers  o r  d e f l e c t o r s  i s  t o  r e f i n e  them during t a x i i n g  and t e s t  landings and 
takeoffs  a t  the  a i r p o r t .  The same range of  problems t h a t  was considered i n  
model t e s t s  o f  an a i r c r a f t  f i t t e d  with reversers  and d e f l e c t o r s  i n  t h e  wind 
tunnel is a l s o  i n  general  t h e  o b j e c t  of  t h i s  kind of  research .  

52. Experimental U n i t  f o r  S t u d y  o f  Reverser and Deflector  Models 

Description of t h e  i n s t a l l a t i o n  No. 1 .  The l e v e r  type u n i t  No. 1 f o r  
s tudying models of reversers  and d e f l e c t o r s  is shown i n  Figure 3.1. i'his u n i t  
was used t o  conduct i n v e s t i g a t i o n s  whose main r e s u l t s  are given i n  93 of 
Chapter I V ,  i n  5 2  of  Chapter V and i n  Chapter VIII .  
tube and a l e v e r  weighing device t h a t  a f fords  measurement of the  p o s i t i v e  

the  v e r t i c a l  and h o r i z o n t a l  components of t h r u s t  produced a t  the d e f l e c t o r s .  
The u n i t  operates  on high p r e s s u r e  a i r  fed t o  the model through the a i r l i n e  1, 
cy l inder  2 ,  bushing 3, two connecting pipes  4 ,  and t h e  rocking tube 5 .  Laby- 
r i n t h  s e a l i n g  is  provided i n  cy l inder  2 .  

The u n i t  has a rocking 

t h r u s t  of the j e t  nozzle  and t h e  negat ive t h r u s t  of t h e  r e v e r s e r s ,  and also /69 

Present  a t  the  end of the  rocking p ipe  5 is a bracke t  p ipe  6 with a flange 
t o  which the t e s t  model 7 i s  secured.  The bushing 3 rests on t h e  support  9 
v i a  t h e  prism 8. 
suspended from the  l e v e r  a r e  s c a l e  pans f o r  measuring t h e  t h r u s t  o r  i t s  v e r t i -  
c a l  and hor izonta l  components by means of weights.  A mercury t h  rmometer is  
placed i n  the  rocking p i p e  a t  t h e  e n t r y  t o  t h e  t es t  model t o  measure t h e  
braking temperature T and P i t o t  tubes f o r  measurement o f  t o t a l  and s t a t i c  a i r  

p r e s s u r e .  The R e  numbers determined from t h e  dimensions of  t h e  vane chord 
of  t h e  screens  i n  the  reversers and d e f l e c t o r s  l i e  wi th in  t h e  l i m i t s  (2-3)-105. 
Therefore ,  t h e  r e s u l t s  of model tests obtained on t h i s  u n i t  can b e  ex t rapola ted  
t o  f u l l  

A two-arm l e v e r  10 is  r i g i d l y  secured t o  the  bushing 3; 

0 

s i z e  with adequate p r e c i s i o n .  
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8 2 s  

Figure 3.1. Diagram of Experimental U n i t  No. 1 :  1 ,  A i r l i n e ;  2 ,  C y l i n d e r ;  
3, B u s h i n g ;  4 ,  Connecting Pipes;  5 ,  Rocking P i p e ;  6 ,  Bracket P i p e ;  7 ,  Test 
Model; 8,  P r i s m ;  9 ,  Support;  10, Two-arm Weight Lever; 1 1 ,  Deflector .  

Method of conducting experiments and treatment of r e s u l t s .  I n  tests of 

The p o s i t i o n  o f  equi l ibr ium is  e s t a b l i s h e d  by a p o i n t e r .  
a model, t h e  t h r u s t  i n  the s t e a d y - s t a t e  regime is  equal ized by weights on t h e  
scale pans.  
t h r u s t  o f  the  model i s  determined from t h e  equat ion of moments b u i l t  up r e l a -  
t i v e  the  p o i n t  o f  r o t a t i o n  0 o f  t h e  system. 

The 

Direc t  t h r u s t  i s  determined from t h e  equat ion 

where P1 = weight on r i g h t  pan of  scale; 

2 = r ight-arm o f  s c a l e  l e v e r ;  

2 
1 

= v e r t i c a l  arm o f  rocking p ipe .  4 

Negative t h r u s t  o f  t h e  r e v e r s e r  i s  determined from the  equation 

12 

14 
Rrev =!'2 - 9  

where P 2  = weight on l e f t  pan of  scale; 

2 = l e f t  arm of  scale l e v e r .  2 
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The v e r t i c a l  and h o r i z o n t a l  compohents of  the t h r u s t  o f  d e f l e c t o r s  are 
determined from the  r e s u l t s  of  two experiments conducted with stream deflected '  
downward and upward. 
model by 180' on t h e  f lange about i t s  h o r i z o n t a l  a x i s .  

The d i r e c t i o n  of  t h e ' s t r e a m  i s  v a r i e d  by t i l t i n g  t h e  

I f  t h e  t h r u s t  r e s u l t a n t ,  when t h e  s t ream is  def lec ted  upwards, passes  t o  
t h e  r i g h t  of p o i n t  0 and when t h e  stream i s  def lec ted  downward t o  t h e  l e f t  of  
0 ,  then the  h o r i z o n t a l  and v e k t i c a l  components of  t h e  t h r u s t  a r e  determined, 
respec t ive ly ,  from the  following equations : 

- /70 

When t h e  s t ream i s  def-lected upward, the weights a r e  loaded i n t o  t h e  r ight  
pan of the  s c a l e ,  and when the  s t ream i s  def lec ted  downward--into the l e f t  pan. 
I f  the  r e s u l t a n t  passes  t o  the  r i g h t  of p o i n t  0 ,  then t h e  f o r c e  of t h e  t h r u s t  
i s  measured by a load only on t h e  r i g h t  pan of  the s c a l e  when the  stream is 
d e f l e c t e d  upwards and downwards. 

Equations f o r  determining h o r i z o n t a l  and v e r t i c a l  components of  t h e  thrust  
force  i n  t h i s  case w i l l  be:  

Pl + p ,  

P,  - P; 

R = I ,  -, 

213 ' 

ho r 214 

Rver  - I  I 

where P i  

t h r u s t  i s  measured by load on t h e  l e f t  pan of the s c a l e  with the sty;.am a l s o  
def lec ted  upward and downward. 
components o f  the t h r u s t  force  i n  t h i s  case a r e  w r i t t e n ,  r e s p e c t i v e l y :  

= load on r i g h t  pan of  s c a l e  with stream def lec ted  downward. 

I f  the  r e s u l t a n t  passes  t o  t h e  l e f t  of  p o i n t  0 ,  then t h e  force  of t h e  

The equation of t h e  h o r i z o n t a l  and v e r t i c a l  

where P I  = load on l e f t  scale pan when the  stream i s  def lec ted  downward. 

A i r  consumption is determined from t h e  s t a t i c  p and the  t o t a l  p 

2 

pres-  Oi 
s u r e s  measured along the rad ius  i n  t h e  b r a c k e t  p ipe  6 i n  t h e  c e n t e r  s e c t i o n s  
of  f i v e  equal ly  s i z e d  c i r c u l a r  a r e a s :  
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(3.11 i = l  

where F = a rea  of  b racke t  p ipe .  

The value of q(X.) i s  determined with the  a i d  of  gas dynamic func t ion  
1 

t a b l e s  from the  following .function ca l cu la t ed  by r e ly ing  on experimental d a t a  

P 

Poi 
n ( h i )  =-. 

The t o t a l  p re s su re  p a t  the  i n l e t  t o  the model i s  determined from the  - 171 0 
of  the a i r  from formula po = i n l e t  value of the  measured s t a t i c  pressure  p 

- 

the  value of  t he  func t ion  

) i n  which the value of II(Xinlet ) i s  found by using Table f o r  Pin 1 et’n (A i.n 1 e t  
- 

G d% ) =  -.- 
0,3965 F i n l e t p i n l e t  ’ 

Y ( ’ i n 1 e t  

where Finlet = a rea  of  i n l e t  t o  the  model. 

Values of  consumption and t h r u s t  a r e  converted t o  s tandard  atmospheric 
condi t ions . 

Experimental c h a r a c t e r i s t i c s  of  r eve r se r s  are presented  i n  the form of 
func t ions  of  the ex ten t  of pressure  reduct ion T P ~ ~ ~ ~ ~ ,  reverse  coe f f i c i en t  

Rrev rev’  
t h r u s t  values : 

- 
and the consumption c o e f f i c i e n t  5 which a r e  ca l cu la t ed  from re.duced 

- PO 

PH 
- -  Rrev - ; G  = - *  - - -  - 

rev no z 
Rrev R 

The c0effi.cient.s o f  v e r t i c a l  and ho r i zon ta l  E ’ components and the ve r  hor  - 
r e s u l t a n t  Rdefl o f  the thrust a r e  ca l cu la t ed  from d a t a  of  experimental s tudy  

of  de f l ec to r s  : 

-2 
ver  + %or * 

- %or - Rver = - .  - - 
’ Rdef l  

--e 

Rver R~~ ’ Rhor Rid 
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Here t h e  i n d i c e s  "ver" and "her", r e s p e c t i v e l y ,  refer t o  the  v e r t i c a l  and 
h o r i z o n t a l  components of t h e  t h r u s t ,  and Rid i s  the  i d e a l  t h r u s t  o f  the  nozzle  

G Rid = -a*). ideal ' 

where X = reduced v e l o c i t y  corresponding t o  t o t a l  expansion from pressure  i d  
PO to PH' 

The consumption c o e f f i c i e n t s  were ca lcu la ted  from the  formulas : 

- - Gdef 1 e c t i  n g  G d e f l .  . -~ - 
= 

G d e f l e c t i n g  G n o z z l e  ' Ghor Ghor 

The consumption c o e f f i c i e n t  E w a s  ca lcu la ted  f o r  the  d e f l e c t o r s  f o r  d e f l  
which i n  h o r i z o n t a l  f l i g h t  the j e t  s t ream escapes from the main nozzle ,  and 
the  d e f l e c t i o n  of the  stream i s  accomplished by t h r o t t l i n g  of  t h e  gas duc t ,  
t h a t  i s ,  by the  same method as i n  t h e  r e v e r s e r s .  The consumption c o e f f i c i e n t  

w a s  ca lcu la ted  f o r  the  d e f l e c t o r s  with t i l t i n g  nozz les ,  where G = Ghor h o r  
= consumption upon escape of  gas i n  the h o r i z o n t a l  d i r e c t i o n  i n  t h e  d i r e c t  
t h r u s t  regime. 

- 
/ 72 - 

The c o e f f i c i e n t  of  t o t a l  p r e s s u r e  recovery i n  the  absence o f  d i r e c t  t h r u s t  
v i a  bypassage of  p a r t  o f  the consumption t o  the j e t  nozzle  i n  t h e  reverser was 
determined on the assumption t h a t  t h e r e  is  complete expansion of t h e  t h r u s t ,  
based on the  measured value of  the  negat ive t h r u s t  and the e x t e n t  of  p r e s s u r e  
reduct ion TI* by t h e  method o f  success ive  approximations base'd on t h e  f o l -  

lowing two equations : 
nozzle  

I n  addi t ion  t o  obtaining o v e r a l l  c h a r a c t e r i s t i c s  of  r e v e r s e r s  and de- 
f l e c t o r s ,  i t  w a s  o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  s t ream when i t  e x i t s  from 
these  devices .  Study of  t h e  stream was based on measurement i n  d i f f e r e n t  
cross-sect ions o f  t h e  t o t a l  p r e s s u r e  f i e l d s  and t h e  s t ream exi t  angles .  Analy- 
sis o f  t o t a l  p r e s s u r e  f i e l d s  aimed a t  e s t a b l i s h i n g  t h e  n a t u r e  of  nonuniformity 
of the  s t ream as i t  e x i t s  from t h e  reversers  and d e f l e c t o r s  and a t  o u t l i n i n g  
ways of  e l imina t ing  t h i s  nonuniformity.  Study of  f i e l d s  o f  stream e x i t  angles 
even under s t a n d  condi t ions i s  o f  g r e a t  importance. Several  measured t o t a l  

1 
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pressure  f i e l d s  are l i s t e d  i n  93 o f  Chapter I V  and t h e  stream e x i t  angles i n  
5 1  and 2 o f  Chapter V .  

The t o t a l  p ressure  f i e l d s  were used a l s o  t o  c a l c u l a t e  t h e  c o e f f i c i e n t  o f  
t o t a l  p ressure  recovery i n  t h e  r e v e r s e r  as the r a t i o  o f  t h e  averaged t o t a l  
p ressure  i n  t h e  e x i t  c ross -sec t ion  t o  the  t o t a l  p r e s s u r e  p a t  t h e  i n l e t  t o  0 
the, reverser: 

Comparison of CJ values ca lcu la ted  from t h r u s t  and from t o t a l  p r e s s u r e  2 
f i e l d  a t  the e x i t  has revealed t h e i r  s a t i s f a c t o r y  convergence. 

The t o t a l  p r e s s u r e  recovery c o e f f i c i e n t  i n  t h e  j e t  nozzle  when t h r o t t l i n g  
elements are i n s t a l l e d  i n  i t  was ca lcu la ted  i n  t h e  t h r u s t  r e v e r s a l  regime as 
follows : 

S3. Experimental Tensometric Type  U n i t  f o r  S t u d y i n g  Models of Reversers and - / 73  
Certain Methodological Problems i n  Research on J e t  Nozzles and Reversers 
by t h e  Scales Method 

Description of U n i t  No. 2. This u n i t  was used f o r  experimental  s t u d i e s ,  
the  ch ief  r e s u l t s  o f  which are given i n  2 1  and 2 o f  Chapter'  I V  and §1 of  
Chapter V .  The u n i t  comprised a reverser, a scale s e c t i o n ,  and a s i l e n c e r  box  

An a i r  b leed  c o n s i s t i n g  o f  a disk with openings and a turbulen t iz ing  g r i d  
on a turn ing  screen  3 were provided f o r  organiza t ion  of  t h e  stream i n  t h e  re- 
v e r s e r  1 (Figure 3 . 2 ) .  The s c a l e s  s e c t i o n  of  t h e  u n i t  , designed t o  measure 
forces  from the r e v e r s e r  o r  t h e  j e t  nozzle  under s tudy  by tensometry was mount- 
ed on the  f lange  10 o f  t h e  r e v e r s e r .  

The housing 8 o f  a guidance device with vanes 9 loca ted  i n  t h e  f o u r  p o r t s  
of  the housing was secured t o  the f lange  10. Windows were a l s o  b u i l t  i n  the  
s l i d i n g  cy l inder  19. 
i o n a l  d i r e c t i o n  of  t h e  s t ream w a s  provided by high screen  dens i ty .  
i n g  8 had labyr in th  gaskets  designed t o  reduce leakage through gaps between 
housing and the  s l i d i n g  s e c t i o n  of t h e  u n i t .  
a cy l inder  suspended on two weighing elements 7 and 12. 
cons is ted  of  laminar cross-pieces  made*out o f  s i n g l e  cons t ruc t ion  with i n n e r  

In o r d e r  t o  preclude s t ream momentum a t  t h e  i n l e t ,  r a t -  
The hous- 

The s l i d i n g  s e c t i o n  cons is ted  of 
The weighing elements 
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and o u t e r  f langes .  
i n  t h e  a x i a l  d i r e c t i o n ,  b u t  secured i t  i n  t h e  r a d i a l  d i r e c t i o n .  The weighing 
element 7 w a s  designed only f o r  suspension of t h e  cyl inder  i n  t h e  s l i d i n g  
s e c t i o n .  Resis tance tensometers were r i v e t e d  t o  the  t h i c k  cross-pieces  o f  t h e  
weighing element. 

The weighing elemepts allowed displacement o f  t h e  cy l inder  

From the  c y l i n d e r  came a i r  through the reducer 20 and a r r i v e d  a t  the  
metered valve 14 ground according t o  t h e  Vitoshinskiy curve. Drainage openings 
16 were placed a t  t h e  e x i t  from the  c y l i n d r i c a l  s e c t i o n  of the  nozzle f o r  
s t a t i c  p r e s s u r e  measurement. A comb 15 w a s  loca ted  i n  t h e  reducer  t o  measure 
t o t a l  p r e s s u r e .  

The counter p r e s s u r e  chamber 6 with f o u r  pipes 17 serv ing  t o  connect it 
with t h e  space i n t o  which t h e  gas is  t o  escape was secured t o  t h e  housing o f  
the  guide device,  The dimensions o f  the  chamber and t h e  through s e c t i o n s  of 
t h e  p ipe  were chosen i n  such a way t h a t  t h e  pressure  i n  the  chamber w a s  equal 
t o  the  pressure  i n  the  s i l e n c e r  box. This was done t o  prevent  t h e  p r e s s u r e  
forces  along both s i d e s  o f  t h e  s l i d i n g  cy l inder  t o  have an effect on t h e  j e t  

chamber with a ruhber i n s e r t .  The counter pressure  chamber was covered with 
cowling 5. 

t h r u s t .  The pipes  were s e a l e d  with rubber gaskets 18, ard the  face  of t h e  - / 75 

The r e v e r s e r  o r  t h e  j e t  nozzle under i n v e s t i g a t i o n  w a s  secured t o  t h e  
f lange of t h e  metered nozz le .  

A c o l l e c t o r  11 a l s o  f i t t e d  w i t h  a l a b y r i n t h  gasket w a s  i n s t a l l e d  t o  t r a p  
a i r  streaming p a s t  the  f r o n t  l a b y r i n t h  gaske t .  Bleeding o f  a i r  from t h e  con- 
nect ing pipe proceeded i n  t h e  r a d i a l  d i r e c t i o n .  

The thickness  of  t h e  t h i c k  cross-pieces  of  the  weighing element 1 2  was 
4.5 mm and f o r  the t h i n  cross-pieces--2.5 mm. The cross-pieces  of  t h e  weighing 
element 7 were a l s o  made 2.5 mm i n  th ickness .  For a maximum load of  550 kg 
the  bending s t r e s s  i n  t h e  cross-pieces  d id  not exceed the  permiss ib le  values  
f o r  s t e e l  of grade 18KhNVA of which the  weighing elements were f a b r i c a t e d .  
A t  a load of  550 kg t h e  unbalance of the measuring br idge  w a s  about 17 m i l l i -  
v o l t s .  I n  nozzle tests the  unbalance d i d  not exceed 10-11 m i l l i v o l t s .  

A comb 1 3  covering the  u n i t  w a s  i n s t a l l e d  t o  r e f l e c t  a i r  escaping from the 
A thermometer 4 was i n s t a l l e d  on the  r e v e r s e r  t o  measure r e v e r s e r  under s tudy .  

the  braking temperature.  The bedpla te  22, along t h e  longi tudina l  guidewave o f  
which t h e  coordinate spacer  can s l i d e  f o r  s h i f t i n g  o f  the P i t o t  tubes ,  was 
secured t o  t h e  u n i t ' s  f lange .  

Cal ibra t i 'on  o f  the u n i t .  C a l i b r a t i o n  of  the weighing elements o f  t h e  u n i t  
w a s  conducted by means of model t h i r d - l e v e l  dynamometers providing a p r e c i s i o n  
of  ?0.5% o f  t h e  maximum measured value.  
n u t  and b o l t  w a s  i n s t a l l e d  f o r  weighing on t h e  f lange 23  o f  t h e  bedpla te  2 2  
( c f .  Figure 3 . 2 ) .  Turning t h e  n u t  accomplished s h i f t i n g  of  t h e  screw and load- 
i n g  of  t h e  weighing element. 

An accessory cons is t ing  mainly o f  a 

The screw was kept  from r o t a t i n g  with a c o t t e r .  
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A universa l  dynamometer r a t e d  at 1,000 kg afforded c a l i b r a t i o n  f o r  performance: 
i n  compression, ( t h r u s t )  and i n  e longat iov ( reverse) .  

Tensometers with r e s i s t a n c e s  o f  about 90 ohms were connected i n  a Wheat- 
s t o n e  b r i d g e  c i r c u i t ,  i n  the measuring diagonal of which the PP-type p o t e n t i o -  
meter a f ford ing  a measurement p r e c i s i o n  of 10.05 m i l l i v o l t  w a s  connected. A 
v a r i a b l e  r e s i s t a n c e  w a s  i n s e r t e d  i n  one arm of t h e  b r i d g e .  I t  afforded when 
necessary zeroing o f  t h e  br idge .  The br idge  was connected t o  a b a t t e r y .  The 
feed vol tage ,  6 volts,was kept  constant .  

Cal ibra t ions  showed t h a t  t h e  unbalance of  t h e  measuring br idge  as a func- 
t i o n  of  f o r c e  i s  s a t i s f a c t o r i l y  ,approximated by s t r a i g h t  l i n e .  
b r a t i o n s  t h e  f a c t o r y  agreement o f  readings f o r  forward and reverse  movement 
when loads corresponding t o  reverse and t h r u s t  were appl ied  was noted.  

I n  t h e  C a l i -  

I t  w a s  f m n d  t h a t  pressure  i n  t h e  r e c e i v e r  upse t  t h e  equi l ibr ium o f  the  
measuring br idge .  
s u r e .  To do t h i s ,  t h e  nozzle  o f  t h e  u n i t  was covered by an end cap. 

/ 7 6  - 
C a l i b r a t i o n  w a s  conducted t o  allow f o r  the e f f e c t  o f  pres -  

A comb was i n s t a l l e d  i n  t h e  e x i t  c ross -sec t ion  t o  measure t o t a l  and 
s t a t i c  pressure  l e v e l s  i n  c a l i b r a t i n g  the  measuring nozz le .  
the  d i f f e r e n c e  between mean t o t a l  p r e s s u r e  p 

ducer and mean s t a t i c  p r e s s u r e  a t  t h e  e x i t  from the measuring nozzle  Ap 

and t h e  braking temperature T were measured. Measurement o f  f ie lds  was con- 

ducted f o r  two mutually perpendicular  comb p o s i t i o n s .  Inspec t ion  showed ade- 
qua te  uniformity o f  t o t a l  and s t a t i c  pressure  f i e l d s .  

Simultaneously,  
measured by the  comb i n  t h e  re- 0 

i n l e t  

0 

Consumption w a s  determined by t h e  method s t a t e d  i n  52 of t h i s  chapter1.  

The c a l i b r a t i o n  graph w a s  p l o t t e d  i n  the  form of  the  funct ion 

Here p 

p r a c t i c a l l y  agrees with t h e  t o t a l  p r e s s u r e  values  measured i n  the  h e a r t  of t h e  
flow a t  t h e  e x i t  from t h e  measuring nozzle .  
mental values o f  G '  d i f f e r e d  only s l i g h t l y  from ca lcu la ted  values .  

= mean value of  t o t a l  p ressure  measured by t h e  comb. The value o f  po 0 

Examination showed t h a t  experi-  

lWe note  t h a t  i n  t h i s  equipment as w e l l  as i n  the equipment descr ibed above, 
u n i t  No. 1, consumption was not  measured a t  t h e  feed  p i p e l i n e  f o r  which i t  i s  
usua l ly  easy t o  a t t a c h  s tandard  instruments f o r  measuring consumption, bu t  
d i r e c t l y  i n  t h e  movable p a r t  o f  the  u n i t .  This made i t  p o s s i b l e  t o  ignore 
leakage through t h e  labora tory  f i e l d  a t  t h e  p l a c e s  where a i r  i s  fed  t o  the  
movable p a r t s  o f  the u n i t s .  
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Figure 3.2. 
wi th Grid;  4, Thermometer; 5, Cowling; 6, Counter Pressure Chamber; 7, Weighing Element; 8, Housing; 
9 ,  Vanes of Guide Device; 10, Flange; 1 1 ,  Co l lec to r ;  12, Weighing Element; 13, Reverberatory Housing; 
14, Metered Valve; 15, Tota l  Pressure. Comb; 16, Metered Valve Drainage; 17, Counter Pressure Chamber 
Pipe; 18, Gasket; 19, S l i d i n g  Cyl inder ;  20, Reducer; 21, Bed P l a t e  f o r  Securing Coordinate Spacer 
and Cal i b r a t i n g  Accessories; 22, Bedplate; 23, Flange. 

Design Schematic of Scales Sect ion o f  U n i t  No. 2: 1 ,  Reverser; 2, B a f f l e ;  3, Screen 



Method of conducting experiments and treatment of results.  I n  the t e s t  
zone zone the  nozzle  and reversers are measured by the following v a r i a b l e  : 

0 ;  1) 

2 )  

3 )  

mean value of  t o t a l  p r e s s u r e  i n  t h e  reducer  p 

s t a t i c  p r e s s u r e  i n  s i l e n c e r  box p 

d i f f e r e n c e  between t o t a l  psessure  i n  reducer  and s t a t i c  pressure  a t  
e x i t  from metering nozzle  Apinlet; 

d i f fe rence  between s t a t i c  pressure  i n  counter  p r e s s u r e  chamber and 
i n  s i l e n c e r  box p 

5) braking temperature T 

H i  

4) 
chamber - pH; 

0 ;  

6 )  unbalance o f  measuring br idge  U weighing element' 

To raise the  r e l i a b i l i t y  of  r e s u l t s ,  t h e  t e s t s  were conducted with a 
number o f  measuring b r i d g e s .  

The forces  a c t i n g  on t h e  s l i d i n g  cy l inder  o f  t h e  u n i t  i n  the case of  noz- 
z l e  and r e v e r s e r  t e s t i n g  have been p l o t t e d  i n  Figure 3 . 2 .  
p o i n t  t o  the  d i r e c t i o n  of  a c t i o n  o f  forces  i n  t e s t i n g  of t h e  j e t  nozzle,  and 
t h e  dashed lines--when t h e  r e v e r s e r s  were t e s t e d .  

The s o l i d  arrows - /77  

The forces  are designated as fol lows:  

1. Rkl = f 0 r c ; G  of p r e s s u r e  on r e a r  wall of  s l i d i n g  cy l inder  

R = F p  k k k '  
t 

where Fk = area  of  rear w a l l  o f  s l i d i n g  cy l inder .  

2 .  Ra = t o t a l  momentum a t  e x i t  

where m = e f f e c t i v e  mass consumption through nozzle  o r  reverser ;  

w = e f f e c t i v e  escape v e l o c i t y ;  a 

Pa 
= pressure  a t  e x i t  from nozzle o r  reverser.; 

k is a r b i t r a r y .  T r .  no te .  
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b 
F = a e x i t  a r e a  o f  nozzle  o r  p r o j e c t i o n  of e x i t  a r e a  of  r e v e r s e r  i n  

a d i r e c t i o n  perpendicular  t o  t h e  t h r u s t .  

3.  R = force  produced by the  presence of  p r e s s u r e  i n  the  e x t e r n a l  pass 

pass  o f  t h e  s l i d i n g  cy l inder  and t h e  nozzle  ( r e v e r s e r ) .  
j e t  nozzle  

H 
I n  t h e  case of the  

= f o r c e  from weighing element. 4 '  Rweighing element 

5 .  Ro = f o r c e  a c t i n g  on cy l inder  from the f lange  s i d e .  

From the condi t ion o f  e q u a l i t y  o f  t h e  s l i d i n g  cy l inder ,  we have f o r  t h e  
nozzle t e s t  

S u b s t i t u t i n g  the  appropr ia te  va lues ,  

Ra - Fa PI] R w e  
e 

The expression 

r i a -  F ~ P I /  

represents  t h e  i n t e r n a l  t h r u s t  R of t h e  j e t  nozz le .  Consequently, nozzle  

- - 
(3.31 +'~, t -F , (P , ; -  P I / ) ,  Rnozzle R w e i g h i n g  element 

Rnozzle knozzl e w e i g h i n g  element (U + UJ + F ,  (PI: - P I I ) ,  - - 

= reading of potent iometer  f o r  tests i n  m i l l i v o l t s ;  where "weighing element 

Uo = reading o f  potent iometer  i n  mi l . l ivo l t s  determined f o r  t h e  given / 7 8  

= value of t h e  c a l i b r a t i o n  c o e f f i c i e n t  corresponding t o  t h e  knozzle 

- 
bridge from the  c a l i b r a t i o n  curve f o r  zero consumption; 

t h r u s t  of t h e  j e t  nozzle .  

and R were changed. Taking the same expression as f o r  
When t h e  r e v e r s e r  was t e s t e d ,  t h e  d i r e c t i o n s  o f  the  a c t i o n  of t h e  forces  

Rweighing element a 
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p o s i t i v e  t h r u s t  t o  be designated as inl!ernal nega t ive  t h r u s t  o f  the  r eve r se r  

Rrev f r e v  w e  g e t  f o r  determination of  R the  fol lowing expression:  

- 
R r e v  - R w e i g h i n g  elements - Ro-FK(PK- PI,), - U (3 .4 )  
Rrev  - kscreen w e i g h i n g  element - knoz. u o - F ~ b ~ - - P ~ f ) -  

When the  experimental  r e s u l t s  were i n t e r p r e t e d ,  determination of consump- 
t i on  was c a r r i e d  out  under the formula 

where p 

l y .  
graph. 

and To = measured t o t a l  p re s su re  and braking temperature,  respec t ive-  

from the ca l ib ra t ion  
0 

The values of  G '  were found from the  r a t i o  Apinlet /p 

In  nozzle t e s t i n g  the  s p e c i f i c  t h r u s t  c o e f f i c i e n t  xspecific nozzle thrust 

were ca lcu la ted :  and the consumption c o e f f i c i e n t  y nozzle  

- - Gnozzl e 
- - Rnozzl e 
Rspec. noz. t h r u s t  

Gideal  ve loc i ty  

- -  
"nozzle G 

rg-. as:A i dea 1 ve 1 oc i t y  
= 0.3565 po 

TO 

i d e a l  ve loc i ty '  - 

/- U@ideal veloci ty''nozz1e 

Here a, 

c i t y  corresponding t o  t o t a l  a d i a b a t i c  expansion down t o  t h e  pressure  pH. 

= c r i t i c a l  veloci . ty  o f  sound; A i d e a l  ve loc i ty  = c o e f f i c i e n t  of  velo-  

The values of t he  reverse  c o e f f i c i e n t  E 
were found f o r  r eve r se r s .  

Method tests. The a i m  of  t he  i n i t i a l  methods t e s t s  of  nozzles was com- 

and the  consumption coe f f i c i en t  r ev  - 
Grev  

par i son  of c h a r a c t e r i s t i c s  wi th  d a t a  obta ined  on o the r  experimental s t ands .  

The t e s t s  were conducted with d i f f e r e n t  cons t r i c t ed  nozzles .  Figure 3 . 3  
presents  experimental  da t a  f o r  s eve ra l  cons t r i c t ed  nozzles  of the  r eve r se r  
models i nves t iga t ed .  
nozzle t e s t s  on o the r  weighing s tands  was drawn on the graph. 
v a l i d  f o r  nozzles which have an angle of nozzle  gene ra t r ix  t o  i ts  axis  

I t  i s  obvious t h a t  f o r  c e r t a i n  measurements o f  t he  s p e c i f i c  'no z z l  e 

A curve p l o t t e d  from the  numerous r e s u l t s  o f  cons t r i c t ed  
This curve is  

= 0-20'. 
L /7E - .._ ~ 

t h r u s t  c o e f f i c i e n t  Rspecific nozzle thrust, t h e  s c a t t e r  of the  po in t s  i s  about 
?l%, while the  average Rspecific thrust values evidence the  f u l l y  s a t i s f a c t o r y  - 
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agreement o f  r e s u l t s .  Since t h e  s t a n d  was c h i e f l y  intended t o  t es t  r e v e r s e r s ,  
w e  can deem the  p r e c i s i o n  o f  t h r u s t  measurement a t t a i n e d  as wholly appl icable .  

nozzle 

Figure 3 . 3 .  S p e c i f i c  Thrust  Coeff ic ien t  as a Function of Extent of Pressure 
Reduction f o r  Several Constr ic ted Nozzles: - , Standard Curve ; A ,  Nozzle 
1 of Reverser Containing Cylindrical  and Conical S h u t t e r s ;  0 ,  Nozzle 2 w i t h  
Central  Body I n s t a l l e d ;  0 , Nozzle 3 o f  Reverser w i t h  Connecting P i p e s .  

The curve p l o t t e d  i n  Figure 3 . 3  can b e  considered as s tandard .  Thrust  
c h a r a c t e r i s t i c s  of  the  corresponding c o n s t r i c t e d  nozzles were determined from 
i t  i n  i n t e r p r e t i n g  mater ia l s  of r e v e r s e r  t es t s ,  which precluded e r r o r s  i n  
measurement of  p o s i t i v e  t h r u s t  a s s o c i a t e d  with the  d a t a  o f  a p a r t i c u l a r  t e s t .  

Figure 3 . 4  p r e s e n t s  a curve of  the  consumption c o e f f i c i e n t  as funct ion of 
the angle o f  i n c l i n a t i o n  of  the  g e n e r a t r i x  of  t h e  conical  nozzle t o  i t s  a x i s  
f o r  values o f  t h e  e x t e n t  of pressure  reduct ion,  upon t h e  exceeding o f  which 
t h e  va lue  1 ~ .  did n o t  depend on n* Experimental d a t a  of G .  S h i r e r  

and R .  Gray, eminent from textbook l i t e r a t u r e  were p l o t t e d  on t h e  graph ( c f . ,  
f o r  example, [ S J ) ,  as well as d a t a  o f  tests conducted by o t h e r  authors .  

nozzle  nozzle  

Points  f o r  t h e  i n v e s t i g a t e d  nozzle  1 (Figure 3 . 3 )  with 8 = 20" and nozzle  
f o r  a c o n s t r i c t e d  p r o f i l e d  nozzle shown i n  Figure 3 . 4  were p l o t t e d  on t h e  
graph. 

nozzles  t e s t e d  on another  s t a n d  by o t h e r  authors .  

hb3-I  enozz le  = 0 ,  the  d a t a  was presented a l s o  f o r  s e v e r a l  supersonic  

As w e  know, the  consumption c o e f f i c i e n t  of the supersonic  nozzle  depends 
on the  method by which i t s  subsonic  s e c t i o n  w a s  p r o f i l e d .  I f  t h e  contour o f  / 8 0  
t h e  subsonic  s e c t i o n  was p r o f i l e d .  

- 
I f  the  contour of  the  subsonic  s e c t i o n  
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t r a c e d  t h e  Vitoshinskiy curve o r  
t h e  consumption c o e f f i c i e n t  w i l l  

was made of s e c t i o n s  o f  a r c s  of  circumference, 
b e  a value on t h e  order  o f  0.995-0.998. 

z l e  

F i g u r e  3 . 4 .  Consumption Coeff ic ien t  a s  a Function of t h e  A n g l e  of Inc l ina t ion  
of t h e  Generatr ix  of t h e  Conical Nozzle t o  i t s  Axis: x ,  Data of Shirer and 
Gray [ 5 ] ;  0 ,  Data f o r  Nozzle No. 1 i n  Figure 3 . 3 ;  I, Data f o r  the Nozzle 
Shown i n  the  Figure;  0 ,  Data f o r  t h i s  Nozzle Invest igated on Another Stand; 
0 ,  Data of V .  T.  Zhdanov f o r  Constr ic ted Nozzles; A ,  Data of V .  T .  Zhdanov 
f o r  Supersonic Nozzles. 

I t  follows from the  f i g u r e  t h a t  the  values o f  pnozzle o f  t h e  nozzles 

s t u d i e d  s a t i s f a c t o r i l y  f i t  t h e  s c a t t e r i n g  band o f  t h e  experimental  p o i n t s  of 
a v a r i e t y  o f  authors (+1%). 

Let us note  one f a c t .  Owing t o  the  r a d i a l  i n l e t  o f  a i r  i n t o  t h e  rocking 
s e c t i o n  of  t h e  u n i t ,  as ind ica ted  i n  descr ib ing  the s tand ,  the i n l e t  momentum 
upon examination of  forces  a c t i n g  on the  s l i d i n g  cy l inder  i s  excluded. There- 
f o r e ,  the  value o f  t h e  consumption does n o t  e n t e r  i n t o  t h e  expression f o r  cal- 
c u l a t i n g  t h r u s t  and t h e  e r r o r  i n  measurement o f  consumption does not  have an 
effect  on p r e c i s i o n  of  t h r u s t  measurement. 
does have a bear ing i n  determination o f  t h e  c o e f f i c i e n t s  E 

E r r o r  i n  consumption measurement 

spec . nozzle thrus  t ’ - - 
’nozzle’ R r e v j  and Grev’  

I n  the  course of  t h e  s tudy repeated tests were made of t h e  same models. 
We w i l l  consider  a few examples. 

Figure 4.10, b and c present.  curves of t h e  reverse c o e f f i c i e n t  as fuqc- 
t i o n s  of the exten t  of p r e s s u r e  reduct idn f o r  one o f  t h e  reverser schemes i n -  
v e s t i g a t e d .  
t i o n  of  t h e  stand. 
I n  cons t ruc t ing  t h e  curves,  d a t a  o f  two d i f f e r e n t  tests $or d i f f e r e n t  

The tests were conducted a t  d i f f e r e n t  times f o r  t h e  same c a l i b r a -  
S imi la r  curves are p l o t t e d  i n  Figure 3 . 5  f o r  another  model. 
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‘v- 
c a l i b r a t i o n s  o f  t h e  s t a n d  were used. 
f u l l y  s a t i s f a c t o r y  f o r  p r a c t i c a l  use .  I t  i s  obvious t h a t  i n  t e s t i n g  r e v e r s e r s  /81 
t h e  absolu te  e r r o r  i n  an ind iv idua l  measurement o f  the  reverse c o e f f i c i e n t  i s  

about kO.01 Ti- u n i t .  However, t h e  r e l a t i v e  e r r o r  obviously is h igher  owing 

t o  the  lower values of  t h e  reverse  c o e f f i c i e n t  compared t o  t h e  t h r u s t  coef- 
f i c i e n t s  of  the  corresponding nozzles .  The absolute  e r r o r  i n  measuring pos i -  

t i v e  or negat ive t h r u s t ,  determined from the r e s u l t  o f  repeated tests can 

b e  est imated as kO.005 RSpecific nozzle thrust and Erev uni t .  For the  given 

r e v e r s e r  t h i s  i s  graphica l ly  ev ident  upon comparing t h e  curves shown i n  Figure 

We can note  t h e  agreement o f  r e s u l t s  
- 

r ev  

- 

3 . 5 .  - 
Rrev 

7 2 - .’ nozz 1 e R 

l e  

Figure 3.5.  Reverse Coeff ic ien t  as  the Function of Extent of Pressure Reduc- 
t i o n .  Model of Reverser w i t h  Connecting P i p e s :  0 ,  Measuring B r i d g e  1 ;  A ,  
Bridge 2 ;  0 ,  B r i d g e  3 ;  a ,  F i r s t  T e s t ;  b y  Second T e s t ;  1 ,  Curve Based on Data 
of Fi r s t  T e s t .  

Thus , method t e s t s  revea l  the p o s s i b i l i t y  of  ob ta in ing  wholly r e l i a b l e  
r e s u l t s  on t h i s  s t a n d .  

S4. Exhaust Systems o f  Stands i n  T e s t i n g  E n g i n e s  Equ ipped  with Reversers 

The emission o f  gases i n  s e v e r a l  d i r e c t i o n s  i s  one c h a r a c t e r i s t i c  o f  
s tands  f o r  t e s t i n g  engines equipped with r e v e r s e r s .  The recept ion  s e c t i o n s  o f  
t h e  exhaust system of these  t e s t  s tands  must e f f e c t i v e l y  d i v e r t  gases and must 
no t  have an e f f e c t  on p r e c i s i o n  o f  t h r u s t  measurement. A diagram of  such a 
s t a n d  i s  shown i n  Figure 3 . 6 .  Gases escaping from the  d e f l e c t i n g  screens  1 
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and t h e  j e t  nozzle  2 are d i r e c t e d  t o  the exhaust p ipe  3 .  Owing t o  t h e  high 
gas v e l o c i t y  i n  t h e  e n t r y  s e c t i o n  o f  the  p ipe  4 r a r e f a c t i o n  can b e  induced. 
This may have an effect  on p r e c i s i o n  of  t h r u s t  measurement. This effect  de- 
pends on t h e  r a t i o  o f  Z/Dnozzle ,  where Z = d i s t a n c e  from end face of  the  ex- 

h a u s t  p ipe  up t o  exhaust s e c t i o n  of the j e t  nozz le ,  and Dnozzle = diameter of  

j e t  nozzle1. 
d i s tance  a. 

Prec is ion  of t h r u s t  measurement can a l s o  b e  e f f e c t e d  by t h e  

R,rev I 

.~ 
-0,s -0,4 - 0,2 0 42 

Figure 3 . 6 .  
Equipped  w i t h  Reversers, and Relat ive Value of Negative T h r u s t  as a Function 
of t h e  r a t i o  Z / D n o z z l e  f o r  Different  Values of  a/b and v i o z z l e .  - 1 ,  Deflect ing 

Screen; 2 ,  J e t  Nozzle; 3 ,  Exhaust P i p e  of Stand; 4 ,  I n l e t  Section of P i p e ;  
0 ,  a/b = 1.92; A ,  a / b  = 0.40. 

Diagram of Exhaust S y s t e m  of a Stand Used i n  T e s t i n g  Engines 

A r e v e r s e r  model around which t h e  exhaust system was arranged was i n v e s t i -  - / 8 3  
gated i n  determining t h e  maximum values of t h e  exhaust system parameter under 
which the  e f f e c t  o f  s t a n d  elements on t h r u s t  measurement p r e c i s i o n  would b e  
absent .  The tests of  t h i s  model were conducted on a s tand  descr ibed i n  53 o f  
t h i s  chapter .  
i n  wide l i m i t s .  
the  r e l a t i v e  values  of  t h e  measured negat ive t h r u s t  as funct ions of  t h e  r a t i o  

The model made i t  p o s s i b l e  t o  vary t h e  dimensions Z and a with- 
The r e s u l t s  o f  t h e  tests are p l o t t e d  i n  the same f i g u r e  where 

-_ P 

are shown i n  t h e  f i g u r e .  nozzle  -e r e l a t i v e  dimensions i n  f r a c t i o n s  of D 
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a t  T* = 1.89 and T* = 2 . 2  a r e  given. The e f f e c t  of t he  Z/Dnozzl e nozzle  nozzle  
va r i ab le  Z/Dno zzle on the  r e s u l t s  of  t h r u s t  measurement becomes appreciable  

only when the exhaust c ross -sec t ion  of the  nozzle extends wi th in  the  exhaust 
pipe and the r a t i o  Z/Dnozzle < -0 .2.  

I t  i s  a l so  c l e a r  from the  f i g u r e  t h a t  when a/b = 0.4-1.9,  the  recept ion  
sec t ions  of  the exhaust system do not have a bear ing on the  r e s u l t s  o f  nega- 
t i v e  t h r u s t  measurements. 
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CHAPTER I V  

E X P E R I M E N T A L  STUDY OF R E V E R S E R S  O N  MODELS 

5 1 .  Reversers with Shu t t e r s  Located A f t  of  t h e  Exit  Sect ion of t h e  J e t  Nozzle /84 - 
Reversers w i t h  Cy1 indr ica l  Shut ters  

This kind o f  r e v e r s e r  cons i s t s  of c y l i n d r i c a l  s h u t t e r s ,  loca ted  i n  inoper- 
a t i v e  p o s i t i o n  i n  the  space between the  j e t  p ipe  of the engine and the  engine 
nace l l e .  When the  r eve r se r s  cut i n ,  the s h u t t e r s  a r e  s h i f t e d  a f t  o f  the e x i t  
s e c t i o n  o f  the j e t  nozzle and a r e  t i l t e d ,  discharging the  stream i n  the reverse 
d i r e c t i o n  (Figure 4.1) . 

F i g u r e  4 .1 .  Diagram of Reverser w i t h  Cyl indrical  Shu t t e r s :  1 ,  E n g i n e  Nacelle 
(Ai rc ra f t  Fuselage) ; 2 ,  Reverser S h u t t e r  i n  Gathered Pos i t i on ;  3,  J e t  Nozzle; 
4 ,  E jec to r ;  5 ,  S h u t t e r  i n  Extended Pos i t i on ;  6 ,  Shut te r  i n  Working Pos i t i on ;  
0 ,  Center of Rotation of S h u t t e r s .  

Reversers o f  this type a r e  app l i cab le  f o r  thrust-augmented engines and 
engines without  a f t e rbu rne r .  
can be considered t o  be  the engine n a c e l l e  o r  the  fuse lage  of the a i r c r a f t  i n  
the case of engine without a f t e rbu rne r .  

In  the  absence of an e j e c t o r ,  t he  elements 4 

Three r e v e r s e r  models with c y l i n d r i c a l  s h u t t e r s  (Figure 4.2) i nves t iga t ed  
on s t and  No. 2 were b u i l t  with an angle of  s h u t t e r  i n c l i n a t i o n  B 

45" and 60". 
ve r se r  of t h i s  type a t  a s p e c i f i c  angle ,  t he  s h u t t e r s  m u s t  have some guide 
sec t ion  of length  E .  
i nves t iga t ion  f o r  d i f f e r e n t  s h u t t e r  arrangements r e l a f i v e  t o  the  exhaust sec-  
t i o n  of the  e j e c t o r ,  the  length  L w a s  taken t o  be l a rge  enough i n  order  t h a t  

of 3 0 " ,  
gas 

I t  i s  obvious t h a t  t o  ensure e x i t i n g  of  the  t h r u s t  from the  r e -  

To seduce the  e f f e c t  o f  t h i s  parameter on t h e  r e s u l t s  of 

74 



f o r  a l l  values o f  x t h e  value of E / Z  
s h u t t e r s  have t h e  same dimension H(H/D = 1.06) .  The four th  and f i f t h  

models with angles 6 

t h e  s tand  No. 1 (§3 ,  Chapter I V ) .  

w i l l  be g r e a t e r  than zero.  

nozzle  

A l l  the  

= 30' and 40' (H/Dnozzle = 1.8) were i n v e s t i g a t e d  on 

The curves o f  the c o e f f i c i e n t  Erev as a func t ion  of  t h e  e x t e n t  o f  p res -  

s u r e  reduct ion p l o t t e d  i n  Figure 4 . 3  can b e  viewed as t y p i c a l  f o r  t h e  revers -  
e r s  i n v e s t i g a t e d .  For a c e r t a i n  va lue  of t h e  e x t e n t  of pressure  reduct ion a /85 
maximum reverse  c o e f f i c i e n t  i s  observed. A t rend  toward s h i f t i n g  of  t h e  max- 
i m u m  toward t h e  s i d e  of lower T* values with decrease i n  s h u t t e r  i n -  

c l i n a t i o n  angle has been noted.  

- 

nozzle  

Tes ts  of reversers  f o r  d i f f e r e n t  s h u t t e r  arrangements r e l a t i v e  t o  t h e  
e x i t  s e c t i o n  of t h e  e j e c t o r  revealed t h a t ,  s t a r t i n g  with a c e r t a i n  value x,  
a decrease i n  t h e  consumption and reverse  c o e f f i c i e n t s  was observed (Figure 
4 . 4 ) .  The reduct ion i n  the  Krev values was accounted f o r  mainly by t h e  drop 

i n  the  consumption stemming from t h e  v a r i a t i o n  i n  the  minimum through cross-  
s e c t i o n .  
ters and the  e j e c t o r .  When the shut -  

ters a r e  s u f f i c i e n t l y  removed from the  e x i t  cross-sect ion of t h e  e j e c t o r ,  the  
e x i t  c ross -sec t iona l  a r e a  of  t h e  nozzle proves t o  be c r i t i c a l .  Therefore,  t h e  
values o f  the  consumption c o e f f i c i e n t  when X - > 0 . 2 ,  equal 1 . 0 .  A reduct ion 

i n  the through cross-sec t ions  when x - < 0 leads t o  a rise i n  pressure  i n  t h e  

j e t  p ipe  (Figure 4 . 5 ) .  
o f  t h e  nozzle a r e  charac te r ized  by the  f a c t  t h a t  they d e f l e c t  i n  t h e  reverse  
d i r e c t i o n  t h e  stream a c c e l e r a t e d  i n  the  nozzle up t o  a high v e l o c i t y .  

For values 5T 5 0 ,  the  minimum through s e c t i o n  l i es  between the  s h u t -  
The consumption c o e f f i c i e n t  Grev < 1. 

Thus, reversers  loca ted  a f t  o f  the  e x i t  cross-sect ion 

When the s h u t t e r s  a r e  s u f f i c i e n t l y  removed from t h e  e x i t  c ross -sec t ion  of  
t h e  e j e c t o r  (Y > 0 ,  Figure 4.6), f o r  the g r e a t e r  p a r t  o f  i ts  length the  pres -  
s u r e s  a r e  a lmost  i d e n t i c a l ,  and t h e  v e l o c i t y  i s  low. 
with increas ing  proximity t o  t h e  e x i t  from t h e  r e v e r s e r .  As a whole, the  
p a t t e r n  of  p r e s s u r e  d i s t r i b u t i o n  i s  analogous t o  t h a t  observed f o r  gas escape 
from a c o n s t r i c t e d  nozzle .  With increas ing  proximity o f  the  s h u t t e r s  t o  t h e  /88 
e j e c t o r ,  the zone with reduced pressure  i s  widened, and the  v e l o c i t i e s  a t  t h e  
e x i t  sec t ions  r ise .  Consequently, t h e  negat ive t h r u s t  b u i l t  up by t h e  rever-  
ser  s h u t t e r s  is  reduced. When X = -0.195 and X = -0.39 a t  t h e  e x i t  s e c t i o n  of 
t h e  s h u t t e r s ,  re-expansion of  t h e  stream i s  observed. This stems from t h e  
f a c t  t h a t  a c o n s t r i c t i o n  is formed between t h e  s h u t t e r  and the  e j e c t o r ,  beyond 
which the through s e c t i o n  becomes g r e a t e r .  There i s  a shock wave obviously 
loca ted  between t h e  drainage p o i n t s  5 and 6 (x = -0 .39 ) .  The s i t u a t i o n  h e r e  
shows some p a r a l l e l  with escape from a Lava1 nozzle  i n  nonrated regimes. The 
presence of  s h u t t e r  sur faces  on which t h e  pressure  i s  l e s s  than i n  the  sur -  
rounding environments n a t u r a l l y  a d d i t i o n a l l y  reduces t h e  nega t ive  t h r u s t  o f  
t h e  r e v e r s e r .  Reduction i n  the  reverse  c o e f f i c i e n t  proceeds t o  a g r e a t e r  

The v e l o c i t y  increases  

- 

75 



lIIlIllIllIIlll I I1 

ex ten t ,  t he  more sharp ly  the  consumption c o e f f i c i e n t  i s  reduced ( c f .  Figure 
4 .4) .  

The optimal s h u t t e r  p o s i t i o n  m u s t  be  he ld  t o  be t h a t  a t  which the m a x i m u m  
reverse  c o e f f i c i e n t  i s  a t t a i n e d  f o r  a consumption c o e f f i c i e n t  equal t o  un i ty .  
In  the  case under cons idera t ion ,  t h i s  p o s i t i o n  corresponds t o  x .;L 0 .2 .  In  
t h i s  p o s i t i o n  the  s h u t t e r s  have a c e r t a i n  d i r e c t i n g  s e c t i o n  a t  the e x i t  f o r  
the  s h u t t e r s  with B 

L / Z  = 0.73, 0 .50  and 0.35. 

- /89 

equal t o  30°, 45O and 60°,  equal t o ,  r e spec t ive ly ,  
gas’ 

1 

Figure 4.2.  Experimental Model of t h e  Reverser With Cy1 indr ica l  S h u t t e r s  
T e s t e d  on Stand No. 2 .  

F i g u r e  4 . 2  Continued on next page..  . 
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Figure 4.2. (Continued) 
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3 Ti ncszz 1 e 

Figure 4 .3 .  

= 45"; o ,w. ,  = 60". (The  Blacked-in Symbols Refer t o  = 30"; Bgas  
t h e .  R e s u l  ts of Repeated Tes ts)  . 

Reverse and Consumption Coeff ic  e n t s  f o r  a Reverser w i t h  C y l i n d -  
- r i c a l  Shut te rs  as Functions of t h e  Extent of Pressure Reduction: 0.8 Bgas  - 

Bgas 

For g r e a t  s e p a r a t i o n  of s h u t t e r s  from t h e  e j e c t o r  and when the  guiding 
s e c t i o n  of  t h e  s h u t t e r s  i s  reduced i n  e x t e n t ,  a reduct ion o f  t h e  reverse  co- 
e f f i c i e n t  i s  p o s s i b l e  oying t o  streaming o f  the j e t  stream. 
p o s i t i o n  of  the s h u t t e r s ,  leading t o  an i n c r e a s e  i n  reverser over -a l l  envelope 
dimensions, i s  n o t  o f  p r a c t i c a l  i n t e r e s t  . 

However, t h i s  

When t h e  angle  of  s h u t t e r  i n c l i n a t i o n  i s  reduced from 60' t o  45", t h e  /E 
reverse  c o e f f i c i e n t  rises (Figure 4 . 7 ) .  This f i g u r e  shows p l o t s  of experi-  
mental p o i n t s  f o r  reversers  with c y l i n d r i c a l  s h u t t e r s  6 = 3Ge and B = 

= 40" t e s t e d  on s t a n d  No. 1 i n  t h e  absence of  bypassing o f  gases i n  t h e  
s t r a i g h t - l i n e  d i r e c t i o n  through s h u t t e r  s l i ts .  
comparison of  t h e  r e s u l t s  t h a t  stem from t h e  d i f f e r e n c e  between models i n  a 
number of geometric parameters ,  w e  merely observe t h a t  t h e  r e s u l t i n g  reverse  
c o e f f i c i e n t  values a r e  c lose  toge ther .  

gas gas 

Without going i n t o  a d e t a i l e d  

Figure 4 . 8  p r e s e n t s  d a t a  on the r e l a t i v e  var2a t lon  o f  the reverse  coef- 
through t h e  s l i t  f i c i e n t  AR 

between t h r o t t l i n g  s h u t t e r s  : 

as a funct ion of r e l a t i v e  consumption G r e v  s l i t  

78 



Figure 4 . 4 .  Consumption Coeff ic ien t  and Relat ive Values of Reverse Coef- 
f i c i e n t  f o r  a Reverser w i . t h  Cylindrical  S h u t t e r s  as  Functions of t h e  Parameter 

x (T:< 
- 

= 2 . 0 ) .  ( T h e  symbols a r e  t h e  same as those i n  Figure 4 .2 . )  nozzle 

Here t h e  s u b s c r i p t s  !IO'' and "slit" correspond t o  reverse  c o e f f i c i e n t s  
without s l i t  and with s l i t .  

consumption through t h e  s l i t  and opening were based on t h e  d a t a  o f  G .  A .  
Dombrovskiy 151 --p 
was adopted f o r  t h e  nozzles (pnozzle = 0 .98) .  

t h a t  bypassing of gases i n  t h e  s t r a i g h t - l i n e  d i r e c t i o n ,  f o r  example, owing t o  

reverse  c o e f f i c i e n t .  

I n  the  c a l c u l a t i o n s ,  the  c o e f f i c i e n t s  usl i t  of - /9.1 

= 0.75. Some mean value o f  t h e  consumption c o e f f i c i e n t  s l i t  
I t  is clear from t h e  f i g u r e  

leakage through loose ly  c o l l e c t e d  s h u t t e r s  can s u b s t a n t i a l l y  reduce t h e  /93 
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U) I " 
5u 25 

Length of  Nozzle in mm 
U 

Figure 4.5.  
Cylindrical  Parameters w i t h  B = 30" f o r  Di f fe ren t  Shut te r  Pos i t ions .  

Dis t r ibu t ion  o f  Pressure Along the  Nozzle of a Reverser w i t h  

gas - - - 
A 
nozzl e =1.8. 0 ,  Without S h u t t e r s ;  0, x = +0.195; A , x = 0; 0, x = -0 .195;  
- 

d ,  x = -0.390. 

Experimental p o i n t s  f o r  a four th  and a f i f t h  model were p l o t t e d  on t h e  
graph. We can note  t h e  s a t i s f a c t o r y  convergence of t h e  r e s u l t s .  
on t h e  f i g u r e  were r e s u l t s  o f  a t e s t  made o f  a model with def lec t ing  screens  
and t h r o t t l i n g  diaphragm. 

Also p l o t t e d  

- 
We can see t h a t  t h e  func t ions  Rrev = f (csl i t )  a r e  l i n e a r  t o  t h e  f irst  

approximation. 

Reversers w i t h  Conical Shut te rs  

A r e v e r s e r  o f  t h i s  type,  whose diagram i s  shown i n  Figure 4 . 9 ,  cons is t s  
o f  p a r t  of t h e  engine n a c e l l e  which i s  r o t a t e d  and s h i f t e d  a f t  of  the  nozzle  
i n  i t s  working p o s i t i o n .  
reverse  d i r e c t i o n .  

The r o t a t i n g  f l a p  5 discharges t h e  s t ream i n  t h e  
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I- L--_:  4 
L e n g t h  of S h u t t e r s  i n  mm 

F i g u r e  4 .6 .  D i s t r i b u t i o n  of P r e s s u r e  A l o n g  C y l i n d r i c a l  S h u t t e r s  w i t h  B = 

= 30" f o r  D i f f e r e n t  S h u t t e r  P o s i t i o n s .  
g a s  

F i g u r e  4 .7 .  R e v e r s e  C o e f f i c i e n t  
as a F u n c t i o n  of t h e  A n g l e  

(n:: = 2 . 0 ) :  0, fo r  M o d e l s  

T e s t e d  o n  S t a n d  No. 2; e, fo r  
Mode l s  T e s t e d  o n  S t a n d  No. 1 

( F s l i t  = 0). 

- 0 Bgas of Cy1 i n d r i c a l  S h u t t e r s  

n o z z l e  

- 

40 50 

';as 
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Figure 4.8.  Rela t ive  Reduct 
t i v e  Consumption Bypassed i n  
s e r  Schemes: Models w i t h  Cy 

G s l i t  

nozzle G s l i t  = G 

on i n  Reverse Coeff ic ien t  as Functions of Rela- 
the Straight-1 i n e  Direct ion f o r  Di f fe ren t  Rever- 
indr ica l  Shut te rs  ( c .  s h . ) ,  T e s t e d  on Stand No.2: - - - 

= 60"; x .% - 0 . 1 .  'gas = 45"; x = 0 . 1 ;  'gas 
= 4 0 " )  T e s t e d  on Stand No. 1 :  e ,  x= 0 ;  0, x= 0.21. 

, 0, = 30"; x = 0 ;  +, 
gas 

('gas Models w i t h  c. s h .  

Figure 4 .9 .  Diagram of Reverser w i t h  Conical 
Shut te rs :  1 ,  E n g i n e  Nacelle (Fuselage of A i r -  
c r a f t ) ;  2 ,  S h u t t e r s  i n  Non-working P o s i t i o n s ;  
3 ,  J e t  Nozzle; 4 ,  E jec tor ;  5 ,  Flap; 6 ,  S h u t -  
t e r s  i n  Working P o s i t i o n ;  0 ,  0 ' ,  Centers of  
Rotation of S h u t t e r  and Flap, R e s p e c t i v e l y .  

Taking account o f  t h e  
r e s u l t s  of t h e  s t u d i e s  of  
reversers  with c y l i n d r i c a l  
s h u t t e r s ,  tests with conical  
s h u t t e r s  were conducted f o r  

t h e  values x = x/D 
which t h e  e q u a l i t y  Grev = 1 

w a s  s a t i s f i e d  (x = 0 . 2 ) .  

cx = 85' t h i s  i s  obvious f o r  
example, i n  Figure 4.10,a. 
The curves of t h e  reverse  
c o e f f i c i e n t  i s  a funct ion of  
e x t e n t  of pressure  reduct ion 
mainly run similar t o  those 
i n d i c a t e d  e a r l i e r  f o r  cyl-  
i n d r i c a l  s h u t t e r s ,  We m u s t  
no te  t h e  more appreciable  
reduct ion i n  t h e  reverse  
c o e f f i c i e n t  when 

f o r  
e 9  

For 
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Tr* > 2-2.2 i n  the  case of a model with 01 = 5 5 ' ,  where the  reduct ion of 

i s  the more no t i ceab le  the  smal le r  the  angle B ( c f .  Figure 4 .10 ,  c). 

no z z 1.e - 
Rrev gas 
A tendency toward a s h i f t  i n  the  maximum E 
with a decrease i n  f3 w a s  a l s o  noted i n  a l l  t he  r eve r se r s .  The e f f e c t  of t he  /95 

gas 
f l a p  i n c l i n a t i o n  angle shows up i n  r eve r se r s  with conical  s h u t t e r s  d i f f e r e n t l y ,  
depending on the  s h u t t e r  i n c l i n a t i o n  angle (Figure 4.11) . 

toward the s i d e  o f  lower n* r ev  nozzle 
- 

Figure 4 .10 .  Reverse Coeff ic ien t  
and Consumption Coef f i c i en t f o r  
Reversers w i t h  Conical Shut te rs  as 
Functions o f  Extent of Pressure 
Reduction: a ,  c1 = 85"; b y  c1 = 70"; 
c y  01 = 55". ( T h e  Di f fe ren t  Ex- 
perimental Symbols Correspond to  
Dif fe ren t  T e s t s . )  

nozzl e 
C) 
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Figure 4.11 shows p l o t s  o f  experimental  p o i n t s  f o r  a model t e s t e d  on 
s t a n d  No. 1, and a l s o  based on mater ia l  known from t h e  l i t e r a t u r e 1 .  The l e v e l  
of t h e  a t t a i n e d  reverse  c o e f f i c i e n t  i s  approximately the  same. 

Figure 4 .11 .  Reverse Coef- 
f i c i e n t  as a Function of t h e  
A n g l e  B o f  Inc l ina t ion  of 

Reverser Flaps w i t h  Conical 

0 ,  Results of Tests o f  t h e  
Model on Stand No. 1 ; A , 
Data Known from t h e  L i t e r a t u r e  
(a = 55" , 

gas 

Shut te rs  ( n E o z z l e  = 2 .0 ) :  

= 48" ) .  

The maximum reverse c o e f f i c i e n t  values 
correspond t o  r e l a t i v e l y  small angles @ 

which must b e  avoided i n  order  t o  reduce t h e  
p r o b a b i l i t y  o f  t h e  i n g e s t i o n  of exhaust gas 
a t  t h e  engine i n l e t .  
t i c e  a reverse  c o e f f i c i e n t  equal t o  about 0 .5  is 
necessary,  which can be a t t a i n e d  i n  t h i s  scheme 
f o r  values o f  B appl icable  i n  p r a c t i c e .  

gas '  
/96 

However, i n  a c t u a l  prac-  

g= 

52. Reversers W i t h  Deflecting Screens Located 
Forward o f  t h e  Exit  Section of t h e  J e t  
Nozzle 

Schemes o f  Reversers i n  Nozzles Enclosing 
a Central Body 

Figure 4.12, 4.13, 4.14 and 4.15 
present  s e v e r a l  p o s s i b l e  schemes o f  r e -  
versers f o r  a nozzle  enclosing a c e n t r a l  
body i n  which d e f l e c t i o n  of the  stream i s  
a t t a i n e d  a t  t h e  s c r e e n ' s  4 (Figure 
4.12) with a subtended angle e ,  loca ted  
i n  the  subsonic  s e c t i o n  of t h e  nozzle ,  
and covering of  t h e  screens i n  the d i r e c t  
t h r u s t  regime and p a r t i t i o n i n g  o f  t h e  gas 
duct i n  t h r u s t  reversal are accomplished 
mainly by s h u t t e r s  of  the type used i n  
nozzle  r e g u l a t i o n .  

As w e  know, t h e  cont ro l  range of  s h u t t e r s  charac te r ized  by t h e  r a t i o  of  
diameters DO/D1 (See Figure 4.12),  depends s u b s t a n t i a l l y  on the  e x t e n t  o f  over- 

lapping d o f  t h e  s h u t t e r s  and on t h e i r  number. 
independently o f  the number of  s h u t t e r s  the cont ro l  range i s  2.0.  
s i t y  of  overlapping o f  s h u t t e r s  redlices the  p o s s i b l e  cont ro l  range. 
i a l  types of s h u t t e r s  a f ford ing  l i m i t e d  overlapping are developed, t h e  cont ro l  
range can b e  high enough. The D /D values f o r  a designwise minimal overlapp- 0 1  
i n g  6 = eD 

s h u t t e r s .  

For overlapping equal t o  zero,  
The neces- 

When spec- - / 9 7  

where e - 1/30, a r e  presented below f o r  d i f f e r e n t  numbers i of  0 '  

_ _  

lFZight, 30/IV, No. 2362, pp. 540-541, 1954. 
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Variant 2 6 

F i g u r e  4.12. Scheme I of  a Reverser 
i n  a Nozzle Enclosing a Central  Body 

ed  Nozzle Type  o r  individual T i l t i n g  
Flaps 2 and 3 Covering t h e  Deflecting 
Screen 4 and T h r o t t l i n g  t h e  Gas Duct. 
T h e  Variants Di f fe r  i n  Placement of t h e  
Screen i n  t h e  J e t  P i p e :  1 ,  Around t h e  
Central Body; 2 ,  I n  t h e  J e t ' s  T u b e ;  
3 ,  Aft of t h e  T u r b i n e .  

I Variant 3 W i t h  S h u t t e r s  1 of  t h e  Reverse Regulat- 

As t h e  ca lcu la ted  e x t e n t  of  p r e s s u r e  reduct ion i s  reduced, t h e  diameter 
of the c e n t r a l  body r i s e s ,  and consequently,  t h e  angles o f  s h u t t e r  d e f l e c t i o n  
i n  t h e i r  extreme p o s i t i o n s  and t h e  requi red  cont ro l  range a r e  reduced. 
f o r e ,  i n  the schemes considered below p r a c t i c a l l y  the  e n t i r e  consumption can b e  
used i n  producing negat ive t h r u s t .  

There- 

I n  scheme I ( c f .  Figure 4.12),  the  d e f l e c t i n g  screens ,  when t h e  reverser /98 
is  n o t  opera t ive ,  are covered by t h e  s h u t t e r s  1 of t h e  reverse  cont ro l  nozzle  
type,  which upon cu t - in  o f  r e v e r s e r  a l s o  s e r v e  the func t ion  o f  a t h r o t t l i n g  
element. 
a l s o  i n  t h e  form of ind iv idua l  t i l t i n g  f l a p s  t h a t  do not  i n t e r l o c k .  Such f l a p s  
are a l s o  schematical ly  shown i n  F igure  4 . 1 2 .  
s e c t i o n  of  i n d i v i d u a l  d e f l e c t i n g  screens .  
p a r t i t i o n  t h e  gas duc t .  

S h u t t e r s  covering t h e  d e f l e c t i n g  screens i n  Scheme No. 1 can b e  made 

The main f l a p s  2 cover the  i n l e t  
Addit ional  f l a p s  3 serve only t o  
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Variant  1 Variant  2 
6-6 

Figure 4.13. Scheme I 1  of a Reverser E q u i p p i n g  a Nozzle Enclosing a Central 
Body F i t t e d  w i t h  T i l t i n g  Flaps 1 ,  Covering t h e  Deflecting Screen, and w i t h  
Flaps 2 of t h e  Regulated Nozzle Thro t t l ing  the Gas Duct. I n  Variant  1 t h e  
Screen i s  Located About t h e  Central  Body, and i n  Variant  2 i n  t h e  J e t  P i p e .  

I n  Scheme I1 (Figure 4.13) t h e  screens  i n  the p o s i t i v e  t h r u s t  regime a r e  
covered by f l a p s  1, loca ted  i n  t h i s  p o s i t i o n  f l u s h  with the  j e t  p i p e ,  and throg 
t l i n g  of t h e  gas duct  i s  accomplished by s h u t t e r s  2 o f  t h e  cont ro l led  j e t  
nozzle .  

The r e v e r s e r  can b e  b u i l t  wi thout  s h u t t e r s  o r  f l a p s  (Figure 4 .14) .  
Screens i n  Scheme I11 can b e  covered by c y l i n d r i c a l  f l a p s  ( s l i d e s )  1 t i l t i n g  
about t h e  j e t  p i p e  axis o r  by c y l i n d r i c a l  f l a p s  2 t h a t  a r e  capable of longi-  
tud ina l  s l i d i n g ,  and t h e  gas duct i s  

yVa a 

t h r o t t l e d  jus t  as i n  Scheme 11. 

Variant  2 
2, 

F i g u r e  4.14. Scheme I l l  of Reverser o f  Nozzle tnc los ing  Central  Body W i t h  T i l t -  
i n g  Cyl indrical  Flaps 1 o r  Cyl indrical  Flaps 2 t h a t  Move Longi tudinal ly .  I n  
Variant 1 t h e  Screen is Located Around the Central  Body, and I n  Variant 2 -- 
i n  t h e  J e t  P i p e .  

As v a r i a n t s  o f  Schemes I ,  I1 and 111, we can consider  t h e  placement of 
d e f l e c t i n g  screens  q u i t e  removed from t h e  c e n t r a l  body. 
2 of Scheme I ( c f .  Figure 4.12) t h r o t t l i n g  of the gas duct  i s  accomplished by 
s h u t t e r s  of the j e t  nozzle .  
a f t  of  the turb ine  (Variant 3 ) ,  t h r o t t l i n g  o f  t h e  gas duct  cac be e a s i l y  

I n  t h e  case o f  Variant  

When the  screens are p laced  i n  d i r e c t  proximity 
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achieved with t h e  s h u t t e r s  1 owing t o  t h e  presence of a spinner .  
is no need t o  p a r t i t i o n  the gas duct with j e t  nozzle s h u t t e r s .  I n  Variants  1 
and 3 of  t h i s  scheme, i n d i v i d u a l  t i l t i n g  f l a p s  can a l s o  ensure p r a c t i c a l l y  
complete p a r t i t i o n i n g  of t h e  gas duct .  

Then t h e r e  

99 - 

One can imagine a scheme I V  o f  a r e v e r s e r  i n  which t h e  screens  a r e  cover- 
ed by means o f  c y l i n d r i c a l  s h u t t e r s  (Figure 4.15) t i l t i n g  about axes lying i n  
the  rear s e c t i o n  of t h e  screens  (Variants 1 and 2) or about axes s i t u a t e d  n e a r  
or on t h e  engine a x i s  (Variant 3 ) .  I n  t h e  l a t t e r  case,  when t h e  r e v e r s e r  is 

I n  Scheme I V  t h e  c y l i n d r i c a l  f l a p s  can b e  designed i n  such a way as t o  ensure 
complete (or almost complete) p a r t i t i o n i n g  o f  t h e  gas duct even without s h u t -  
ters o f  t h e  j e t  nozz le .  

cu t - in  t h e  f l a p s  are t i l t e d  i n  t h e  reverse  p o s i t i o n  compared with Variant  1. - / l o o  

Ya-Cant 1 Yariant 2 
\ 

Variant  3 

Figure 4 .15 .  Scheme I V  o f  Reverser o f  a Nozzle Enclosing a Central  Body w i t h  
Cyl indrical  Shut ters  T i l t i n g  about an Axis L y i n g  i n  t h e  Rear o f  the  Screen 
(Variants  1 and 2 )  o r  about an Axis L y i n g  i n  t h e  Axis o f  t h e  J e t  P i p e  (Variant 
3)  

Schemes of Reversers o f  a Constr ic ted Nozzle 

Figure 4.16 p r e s e n t s  schemes o f  i n v e s t i g a t e d  reversers  with d e f l e c t i n g  
screens i n  which t h e  same t h r o t t l i n g  elements were used as i n  t h e  i n v e s t i g a t e d  
schemes of t h e  nozzle  wi th  a c e n t r a l  body. 

I n  Scheme A when t h e  d e f l e c t i n g  screens  a r e  loca ted  a f t  of the t u r b i n e ,  

When the  d e f l e c t i n g  screens  a r e  placed i n  t h e  j e t  p i p e  f a r  r e -  
s h u t t e r s  1 of t h e  reverse  regula ted  nozzle  type ensure t o t a l  p a r t i t i o n i n g  of 
the  gas duc t .  
moved from t h e  t u r b i n e ,  these  s h u t t e r s  do n o t  p a r t i t i o n  t h e  gas duct completely 
(Scheme B ) .  
duct proves t o  be unpar t i t ioned .  

Thus, when t h e r e  are e i g h t  shut t ' e r s  about one- th i rd  of  t h e  gas 

I n  Schemes c, D, and E with c y l i n d r i c a l  s h u t t e r s  as i n d i c a t e d  above, i t  
appears p o s s i b l e  t o  a t t a i n  p r a c t i c a l l y  complete t h r o t t l i n g  o f  t h e  gas duc ts .  
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I n  Scheme F with cyl-  
i n d r i c a l  f l a p s  and t h r o t t l -  
i n g  o f  gas duct  with j e t  
nozzle  s h u t t e r s  just  as i n  
Scheme B ,  bypassing of  gases 
i n  t h e  s t r a i g h t - l i n e  d i rec-  
t i o n  remains. 

I 2 

/ l o1  Exper imenta 1 Mode 1 s - 3 

Experiment a1 s t u d i e s  
were conducted on models 
shown i n  Figures 4.17 and 
4.18. I n  the  models of  

- 

group No. 1 (Figure 4.17) 
t h e  screens were made of 
leaf - type  p r o f i l e s ,  and i n  

Figure 4.16. Schemes of Invest igated models of  group No. 2 (Fig- 
Reversers of a Cons t r ic ted  Nozzle: A, B, u r e  4.18)--of p r o f i l e d  
W i t h  Shut te rs  1 o f  t h e  Reverse Regulated vanes.  The c e n t r a l  body i n  
Nozzle Type; C ,  0, E ,  W i t h  Cyl indrical  t h e  nozzle of  t h e  model w a s  
Shut te rs  2 ;  F ,  W i t h  Cyl indrical  Flaps 3 .  made i n  a s i m p l i f i e d  form. 

Experiments showed t h a t  re- 
placement o f  a p r o f i l e d  
c e n t r a l  body with a contour 

c lose t o  t h e  c a l c u l a t e d  design d i d  not  l e a d  t o  an appreciable  v a r i a t i o n  i n  
t h r u s t  c h a r a c t e r i s t i c s  of  t h e  nozzle .  We a l s o  know t h a t  complete removal of  
the  supersonic  s e c t i o n ,  and a l s o  the  subsonic  s e c t i o n ,  and placement i n s t e a d  o f  
a c e n t r a l  body o f  a disk  increases  t h r u s t  l o s s e s  a t  t h e  design p o i n t  by ap- 
proximately 1.5%. To reduce t h e  nozzle envelope, t h e  c e n t r a l  body was s e l e c t e d  
with a t runca ted  cone. The cone was b u i l t  i n  such a way t h a t  i t s  tangency with 
t h e  j e t  nozzle  s h u t t e r s  f o r  the permiss ib le  s h u t t e r  cont ro l  range w a s  ensured. 

A c y l i n d r i c a l  s e c t i o n ,  where t h e  d e f l e c t i n g  screens were loca ted ,  w a s  
s i t u a t e d  forward of t h e  c r i t i c a l  s e c t i o n  of  t h e  nozzle .  I t  w a s  assumed t h a t  
t h e  c y l i n d r i c a l  p o s i t i o n  of  t h e  necking [ s h e l l ]  of t h e  models i n  group No. 
1 corresponded t o  performance of  an engine with a f t e r b u r n e r .  The opera t ing  
regime of  t h e  r e v e r s e r  i s  t h e  usua l ly  r a t e d  engine performance regime i n  which 
t h e  a r e a  of t h e  c r i t i c a l  nozzle s e c t i o n  i s  about .1 .7  times less than t h e  noz- 
z l e  a r e a  with a f t e r b u r n e r .  This was how t h e  c r i t i ca l  nozzle s e c t i o n  of t h e  
model was est imated and how t h e  appropr ia te  s h u t t e r  p o s i t i o n  was found. 

From t h e  viewpoint of  weight reduct ion,  i t  i s  d e s i r a b l e  t o  have s h o r t  
s h u t t e r s .  However, when these  s h u t t e r s  a r e  used t h e  t i l t i n g  angles are in-  
creased, which gives  r i s e  t o  d i f f i c u l t i e s  i n  product ion of  requi red  s e a l s  and 
i n  prevention of  leakage. I n  addi t ion ,  when t h e  s h u t t e r s  a r e  too  s h o r t  it can 
prove impossible t o  p a s t i t i o n  the  gas duct o f  t h e  engine.  I n  t h i s  model, t h e  
center of s h u t t e r  r o t a t i o n  i s  taken i n  such a way t h a t  t h e  angle of s h u t t e r  
d e f l e c t i o n  from the p o s i t i o n  corresponding t o  a f t e r b u r n e r  up t o  t h e  r a t e d  value 
i s  about 30". Here the cont ro l  range D /D 1 . 8  (cf. Figure 

a f t  nozzle  
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4.12) .  

% 1 . 8 .  
t i o n ,  gaps i n e v i t a b l y  appeared between t h e  s h u t t e r  s t r i p s .  
t h e  value of t h e  D 

When t h e  r e v e r s e r  w a s  b u i l t  under Scheme 11, D nozzle 'Ds creen a l s o  

I n  Scheme 11, when t h e  s h u t t e r s  were t i l t e d  i n  t h e  a f te rburner  pos i -  
This scheme, with 

r a t i o  l i m i t e d  i n  p r a c t i c e ,  can b e  viewed as nozzle 'Ds creen 
af te rburner .  appl icable  t o  engines without 

rn B A-A 
~ 

B-B - 

-, 
i I C  

c - c  - 

Figure 4 .17 .  Experimental Models o f  Group No. 1 W i t h  Deflecting Screens Made 
of Leaf-Type Vanes: a ,  Scheme I , Variant 1 ;  B y  Scheme I , Variant 2 ;  c y  Scheme 
I I ,  Variant 1 ;  1 ,  Cone Modeling S h u t t e r s  of t h e  Reverse Control Nozzle Type; 
2 ,  S t r i p s  Modeling T i l t i n g  Flaps.  

The models were b u i l t  dismountable, which made i t  p o s s i b l e  t o  p l a c e  t h e  
c y l i n d r i c a l  p a r t  o f  t h e  models with d e f l e c t i n g  screens i n  d i f f e r e n t  p o s i t i o n s .  

Ef.fect of A n g l e  of Stream Exit  from Deflecting Screens on Frev 

Screens with design angles o f  vanes a t  an e x i t  equal t o  35" 

(Screen I ) ,  50.5O (screens I1 and 111) ,  and 67" (screen I V )  .were constructed 
f o r  models i n  group No. 1. The vane p r o f i l e s  were constructed leafwise,  t h a t  
i s ,  of  shee t  m a t e r i a l .  The a rea  of  the e x i t  s e c t i o n s  of  t h e  screens compared 
with t h e  nozzle c ross -sec t iona l  area w a s  increased  f o r  t h e  screens  I ,  11, and 

/ l o 4  
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IV by 1.3;  1 . 2 ,  and 1 . 1  times, r e s p e c t i v e l y .  For a l l  the models t h e  subtended 
angle 8 was taken as 110'. 

F i g u r e  4.18. Experimental Models of Group No. 2 With Deflect ing Screens Made 
of Prof i led  Vanes: a ,  Scheme I ,  Variant  2 ;  Scheme I V ,  Variant  2 ;  b,  Scheme B, 
D ,  E, ( F i g u r e  4 .16 ) ;  c ,  Scheme A (Figure 4 . 1 6 ) ;  1 ,  Cone Modeling Shut te rs  of 
the Reverse Regulated Nozzle Type ;  2 ,  3,  Cyl indr ica l  S h u t t e r s ;  ( 3 ~  i n  Turned 
P o s i t i o n ) .  

The i n l e t  s e c t i o n  o f  t h e  duct was p r o f i l e d  t o  ensure shockless  s t ream 
inflow. 

angle  o f  a cone modeling s h u t t e r s  o f  t h e  reverses :  f o r  sc reen  1--40°, and f o r  
screens I1 and IV--56' (Figure 4.19) .  
taken as 10'. The number of  ducts was s e l e c t e d  i n  such a way as t o  have close-  
l y  grouped values o f  sc reen  dens i ty  c / t .  

The angle Binlet o f  t h e  vane a t  t h e  i n l e t  was taken as equal t o  t h e  

The angle o f  p r o f i l e  placement 6 was 

A v a r i a n t  of  sc reen  I1 w a s  constructed--screen 111, d i f f e r i n g  from t h e  
former i n  the  number o f  vanes. Two vanes were i n s t a l l e d  i n s t e a d  of t h r e e .  

Geometric parameters of t h e  screens o f  group No. 1 models a re  l i s t e d  i n  
Table 2 .  

/ F  = r a t i o  o f  areas  o f  i n l e t  and e x i t  / lo5  F i n l e t  2 Here z = number of ducts ;  - 
cross-sec t ions .  
IV, formed convergent ducts  as a whole. 

I t  i s  obvious t h a t  a l l  screens,with t h e  exception o f  screen 
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V 

F i g u r e  4 .19 .  S k e t c h e s  of Deflect ing Screens and Vanes o f  Group No. 1 Models. 

Tests of  Group No. 1 models revealed t h a t  consumption through reversers  
proved t o  d i f f e r  f o r  a l l  sc reens  from t h e  consumption through the  nozzle when 
the  nominal s h u t t e r  p o s i t i o n  was adopted. Since t h i s  i n v e s t i g a t i o n  w a s  n o t  
r e l a t e d  t o  any s p e c i f i c  equipment layout ,  the c h a r a c t e r i s t i c s  of  t h e  correspond 
i n g  nozzle were determined by c a l c u l a t i o n  based on the  measured consumption 

through t h e  r e v e r s e r  and on t h e  Fspecific nozzle thrust values obtained from 

the  curve i n  Figure 3 . 3 .  

Curves o f  t h e  reverse c o e f f i c i e n t  as a funct ion of  ex ten t  of  pressure  
reduct ion a r e  p l o t t e d  i n  Figure 4 .20  f o r  a model constructed under Scheme I ,  
Variant 1, with screens I ,  11, 111 and I V .  As i n d i c a t e d ,  p r o v i s i o n a l l y  = rev  
1. Since t h e  e n t i r e  consumption i n  t h e  model was d i r e c t e d  t o  t h e  d e f l e c t i n g  
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screens ,  t h e  r e s u l t i n g  values of  t h e  reverse c o e f f i c i e n t  €or t h i s  s t r u c t u r e  
a r e  t h e  maximally obta inable .  

1 2 
l e  

Figure 4 . 2 0 .  
f o r  a Reverser o f  a Nozzle Enclosing a Central  Body wi th  Dif fe ren t  Deflect ing 
Screens. Scheme I ,  Variant 1 .  
Screen I t ;  0 ,  Screen I l l ;  0 ,  Screen I V .  

Reverse Coeff ic ien t  as a Function of Extent of  Pressure Reduction 

Mean Values of Two Tes ts :  0, screen I ;  L\ , 

From inspec t ion  of  the curves it is  clear that smooth maxima o f  t h e  re- 
verse  c o e f f i c i e n t  are noted a t  low degrees o f  pressure  reduct ion.  
ex ten t  of p r e s s u r e  reduct ion rises p a s t  TT* = 2.0 ( f o r  most s c r e e n s ) ,  t h e  

reverse  c o e f f i c i e n t  i s  markedly reduced. The curves are r e p r e s e n t a t i v e  of  a 
reverser  with d e f l e c t i n g  screens made o f  leafwise p r o f i l e s  constructed under 
Scheme I. The g r e a t e r  the  angle o f  stream e x i t  from the  screens ,  the  lower t h e  
values of  the  reverse  c o e f f i c i e n t .  In a r e v e r s e r  with screens  111 t h a t  have 
lower dens i ty  compared t o  screens  I1 and as a consequence somewhat g r e a t e r  d i f -  
f u s i v i t y ,  the reverse  c o e f f i c i e n t  i n  t h e  e n t i r e  range o f  n* i s  lower than 

with screens  11. This p a t t e r n  i n  the  curves t h a t  we have noted is  accounted 

When the  

nozz le  

nozzle 
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f o r  by v a r i a t i o n  i n  the  angle  of stream e x i t  from t h e  reverser ( c f .  Figure 5.5). 
Analysis revea ls  t h a t  a reduct ion i n  t h e  reverse c o e f f i c i e n t  occurs t o  a lesser 
ex ten t  than a reduct ion i n  t h e  cosine of  the  angle of  stream e x i t .  This 
means t h a t  losses  of  t o t a l  p r e s s u r e  are reduced with a reduct ion i n  t h e  angle 
of stream d e f l e c t i o n  i n  reverser screens .  

/ lo6  

Effec t  of t h e  Ratio o f  t h e  S i d e s  of Deflecting Screens on rev 

When b u i l d i n g  a reverser the  given area  of  the  d e f l e c t i n g  screen  e x i t  
c ross -sec t ion  can b e  obtained f o r  d i f f e r e n t  r a t i o s  of  t h e  scxeen length a ( i n  
t h e  d i r e c t i o n  of  the engine a x i s )  and i t s  width b (Figure 4.12).  For a given 
screen d e n s i t y ,  i t s  elongat ion involves  increas ing  t h e  number of  ducts i n  i t .  
Widening t h e  screen leads t o  a t r a n s i t i o n  t o  la rge  subtended angles e .  Screen 
width is  r e l a t e d  t o  subtended angles  by t h e  s e l f - e v i d e n t  r a t i o  b = D/sin 8 / 2 ,  
where D = externa l  diameter of  t h e  screen ( j e t  p i p e ) .  

- / l o 7  

The e f f e c t  o f  t h e  subtended angle of the screen  and of  t h e  number of  
channels i n  t h e  screen was explored on Group No. 2 models ( c f .  Figure 4.18) ,  
corresponding t o  Var ian t  2 of Scheme I .  The d e f l e c t i n g  screens i n  t h i s  model 
group were composed of  p r o f i l e d  vanes. A t u r b i n e  screen of t h e  j e t  type with 
a design screen angle 8: = a r c  s i n  a / t  * 31°, w a s  s e l e c t e d ,  t h a t  i s ,  

a value c lose  t o  the  angle  8 f o r  the  screen  with t h e  leafwise p r o f i l e .  

The dens i ty  o f  t h e  d e f l e c t i n g  screens  o f  well-known reversers v a r i e s  

3 creen gas 
vane 

wi th in  wide l imits--from 1 t o  2 . 0 .  Some mean value c / t  = 1.26 ( t  = 13.7 mm) 
was s e l e c t e d ,  which from d a t a  o f  a s tudy  made of  a s e r i e s  of  f l a t  t u r b i n e  
s c r e e n s ,  f o r  a constant  angle of  s t ream e x i t  corresponds t o  t h e  minimum t o t a l  
p ressure  l o s s e s .  Intervane channels formed by these p r o f i l e s  a r e  smoothly con- 
s t r i c t e d  and have a r a t i o  of i n l e t  and e x i t  s e c t i o n  a reas  of about 1 .25.  

Since t h e  e x i t  s e c t i o n  a rea  of  the d e f l e c t i n g  screens  f o r  reversers  d i f -  
f e r i n g  i n  t h e  reverse  c o e f f i c i e n t  w i l l  b e  d i f f e r e n t ,  the  e f f e c t  o f  the  a/b 
r a t i o  w a s  conducted with d e f l e c t i n g  screens  f o r  a s e r i e s  of  r e l a t i v e  a r e a  V R ~ -  
ues F = F2/Fo, where Fo = cross-sec t iona l  a r e a  o f  j e t  p i p e  (Table 3) .  2 

TABLE 3 

0,885 I 

55 
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A screen  b u i l t  o f  c i r c u l a r  vanes, t h a t  i s ,  with a subtended angle f o r  
both sc2eens o f  20 = 360°, w i l l  s c a r c e l y  b e  o f  p r a c t i c a l  importance, though i t  
does a f f o r d  some i n t e r e s t  as a l i m i t i n g  case o f  t h e  screen  i n  which t h e  effect  
of end faces i s  done away with and c i r c u l a r  symmetry Bnsured. 

Figure 4.21, 4.22 and 4.23 present  p l o t s  o f  curves o f  the  reverse  coef- 
f i c i e n t  as func t ions  of the  e x t e n t  of p r e s s u r e  reduct ion  f o r  model reversers  
d i f f e r i n g  i n  the  x a t i o  of d e f l e c t i n g  screens s i d e s ,  t h a t  i s ,  i n  t h e  subtended 
angle and i n  t h e  number of channels i n  t h e  s c r e e n s .  We can s e e  t h a t  when 
7r* 

c o e f f i c i e n t s .  Comparing these  curves with s i m i l a r  func t ions  f o r  reversers  con- 
s t r u c t e d  under t h e  same scheme, b u t  i n  which screens  a r e  made o f  leafwise pro- 
f i l e s ,  we can s p o t  s e v e r a l  p o i n t s  of d i f f e r e n c e .  Minima of  t h e  reverse  coef- 
f i c i e n t ,  whose p o s i t i o n s  vary depending on the  subtended angle of t h e  screens 
and the  number of  channels they i n c l o s e ,  i s  observed on s e v e r a l  curves con- 
s t r u c t e d  from t h e  r e s u l t s  of repeated experiments,  i n  the range of  pressure  
decreases T*  = 1.7-2.5.  These minima a r e  found a t  smal le r  IT* values, 

the  smal le r  t h e  r e l a t i v e  a r e a  F2: when IT* 

( c f .  Figure 4.21);  when m:ozzle x 2.2-2.5 and F2 x 0.72 ( c f .  Figure 4.22) and 

when T*  

reverse  c o e f f i c i e n t  when s h o r t  screens with a small number o f  channels ( e  = 
= 110", z = 4,  Figure 4.21) a r e  used is  q u i t e  marked. 

i s  increased t h e r e  is  a general  tendency toward a reduct ion i n  reverse  /10E - nozzle 

nozzle nozzle 
x 1.7-2.0 and F2 = 0.470 nozzle  

w 2.5 and F2 x 1.0  (Figure 4.23).  The s i z e a b l e  decrease i n  t h e  nozzle 

Avai lable  experimental  material does n o t  a l low us thus far t o  give a /110 
s a t i s f a c t o r y  explanat ion o f  t h e s e  f e a t u r e s  o f  the c h a r a c t e r i s t i c s .  I n  f a c t ,  
the  subsequent reduct ion  of t h e  reverse  c o e f f i c i e n t  f i n d s  an explanat ion i n  t h e  
t i l t i n g  of t h e  stream i n  t h e  obl ique c ross -sec t ion  of  t h e  screens  ( c f .  5 1 ,  
Chapter V ) .  

A r ise i n  the revexse c o e f f i c i e n t  i s  observed f o r  a l l  Yalues o f  t h e  r e l a -  
t i v e  a r e a  F2 when t h e  s c r e e n s  are elongated, that is., when the subtended angle 

i s  reduced (see Fig.  4.21) and with a reduct ion i n  subtended angle alid an i n -  
crease i n  number of  channels (c f .  Figures 4.21, 4.22, and 4.231. This is  
graphica l ly  evident  from Figure 4.24, where t h e  values  Rrev a r e  given i n  t h e  

funct ions of t h e  screen subtended angle f o r  d i f f e r e n t  r e l a t i v e  a r e a  va lues .  I t  
a l s o  l o g i c a l l y  follows from t h i s  f igure  t h a t  f o r  a given screen subtending angle,  
higher  values f o r  t h e  reverse  c o e f f i c i e n t  a r e  reached i n  r e v e r s e r s  t h a t  have 
la rge  F2 values .  

r a t i o n a l  r a t i o  of t h e  d e f l e c t i n g  screen s i d e s  f o r  reversers .  o f  t h e  type under 
considerat ion i s .  To reach high reverse  c o e f f i c i e n t  values it is  b e s t  t o  use 
screens t h a t  a r e  extended along the  engine a x i s  (Figure 4.25) .  We can see i n  
t h i s  f igure  t h a t  s t a r t i n g  with t h e  value a/b x 1 a f u r t h e r  r i se  i n  a/b does not  
g ive  us much added advantage. We take  note  t h a t  from t h e  design p o i n t  of  view 
use o f  screens t h a t  extend along the  engine a x i s  i s  not  favorable ,  s i n c e  Lhis 

/111 - 

The mater ia l  given h e r e  allows us t o  draw a conclusion about what t h e  
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leads t o  h igher  longi tudina l  o v e r a l l  dimensions o f  the  engines and hampers 
c losure  o f  sc reens  i n  d i r e c t  t h r u s t  regimes. 
b e s t  chosen as n o t  g r e a t e r  than 110-120' 

The screen  subtended angle is 

noz- 
z l e  

nozzl e 

Figure 4.21.  Reverse Coeff ic ien t  as Functions 
of the Extent of  Pressure  Reduction f o r  R e -  
versers  of t h e  Nozzle i n  Closing a Central 
Body and f o r  a Cons t r ic ted  Nozzle f o r  Dif- 
f e r e n t  S u b t e n d e d  Angles of t h e  Deflecting 
Screen and f o r  Di f fe ren t  Numbers of Channels 
Inclosed i n  t h e  Screen (F2 <. 0.47) .  

Variant 2 :  

Scheme I V Y  Variant 2 :  
Scheme A ( F i g .  4 . 1 6 ) :  
1 , Curve f o r  t h e  Reverser Constructed Under 
Scheme No. 1 ,  Variant 2 ,  w i t h  Screen 1 Made 
of Leafwise P r o f i l e .  

Scheme 1 ,  
.I - 0-350, z 6 (F, . -n,m);  - o -  700, Z - G  (F*= 

. 0,465); c - -  G -110". 2 1 (p2-0.470) .  

6 - o =1100, r-=4 (F, .O:UO). 
&I -- 0-=70°. z .G (F2=0.46S) .  

Figure 4 . 2 2 .  Reverse Coeffi-  
c ient  as Function of t h e  Extent 
of Pressure Reduction f o r  Re- 

versers  of a Nozzle Enclos- 
i n g  a Central Body and f o r  
a Constr ic ted Nozzle f o r  
Di f fe ren t  S u b t e n d e d  A n g l e s  
of the Deflect ing Screen and 
t h e  Number of Channels E n -  
c losed Therein.  (1.;=0,7). 

Scheme I ,Variant  2: n - o o . . s j o ,  

i f f e r -  
e n t  Tests 6 - i : u 0 .  Z-G ( F 9 - - o , 7 x )  
Scheme A ,  ( F i g .  4 .16):  

2- -12  ( 7 9 : .  0,/07); 0 ,  0 ,  G - D 

Q - 0 -  riO0,'z>c; (F1- 
=0.720) 

Effec t  of t h e  Method of P r o f i l i n g  Deflect ing Screen Vanes on Rrev 

The mater ia l  w e  have looked a t  allows us t o  determine whether i t  i s  pro-  
f i t a b l e  t o  use p r o f i l e d  vanes inste.ad of leafwise vanes i n  t h e  d e f l e c t i n g  
screens o f  r e v e r s e r s .  For any given degree ,of p r e s s u r e  reduct ion the  reverse  
c o e f f i c i e n t  i n  t h e  absence o f  d i r e c t  t h r u s t  and when equal t o  the value of  the  
t o t a l  p ressure  recovery c o e f f i c i e n t  i n  t h e  d e f l e c t i n g  screens i s  propor t iona l  
t o  t h e  cosine of the  angle of t h e  strearh exiq:  
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' I  

- - 
= R  reverse ,  p ro f i l ed  reverse, leaf  t y p e  'Os 'prof ~ i 1 e d  R 

Here the  ind ices  "pr" and "vane" r e f e r ,  
f i l e d  and those made of  leafwise vanes. 

'Os ' leaf type 

respec t ive ly ,  t o  sc reen  made of pro-  

Figure 4.23.  Reverse Coeff ic ien t  
as a Function of t h e  Extent of 
Pressure Reduction f o r  a Reverser 
Equ ipped  i n  t h e  Nozzle w i t h  a Central 
Body f o r  Di f fe ren t  S u b t e n d e d  Angles  
of t h e  Deflecting Screen and t h e  
Number of Channels Enclosed Therein 
(F2 = 1 ) .  Scheme 1 ,  Variant 2: 

U-G- 
;;j50, z . -1 j  (F2::o,6s5); 0 - 
- 0 = l i 00 ,  2;;s (F,=0.958): 

- 
0 -  G;;lSOo, 2 : - G  (F2=0,1)9G); 
A- O.-ISG*, 2:s ( ; "2=-0.996) .  

Scheme I V Y  Variant  2: 
a - a =  

==liGo, 2-6  (72=0,958) 

zzl e 
Figure 4 . 2 4 .  Reverse Coeff ic ien t  as 
the Function of Subtended Angle of 
Screen f o r  a Reverser INstal led i n  
a Nozzle w i t h  a Central Body f o r  
D i  f f e r e n t  Re1 a t  ive Areas of M i  n i - 
mum Through Cross-section of the 
Screens When n:ozzle = 2.0 .  Scheme 

I Variant  2 .  (The  number of chan- 
ne ls  i n  t h e  screen is indicated 
c lose  to  the experimental symbol .) 

Relying on the  r e s u l t s  o f  
measuring the  stream e x i t  angle f o r  
a r e v e r s e r  constructed under Scheme 
I ( 5 1 ,  Chapter V)  with de f l ec t ing  
screens  a t  0 = 110' and z = 6, it 
is easy t o  c a l c u l a t e  the  values of  
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- 
l i s t e d  below i n  Table 4 .  This t a b l e  a l so  gives  Rreverse ,  p r o f i l e d  

par ison experimental  values based on da ta  i n  Figure 4.22.  

TABLE 4 .  

t 1 1 , 5  . I ,1,75 I 2,0  I 2.25 

I I .  I ..-I- 1 7,4  I 5,9 I 3,7 1 G,5 

n nozzle 
- ~~ 

0,7(iO 1 0,750 1 0,740 1 0,732- I 0,735 
-.-.- 

0,700 0,700 0,700 0,696 09G9? 

~~ 

Tr .  note:  Commas ind ica t e  decimal po in t s .  

us f o r  com- 

I t  follows from the t a b l e  
t h a t  the  d i f f e rence  AErev i n  

the reverse  c o e f f i c i e n t s  when 
the  ex ten t  of pressure  reduc- 
t i o n  corresponds t o  working 
condi t ions of a r e v e r s e r  does 
not  go beyond 6 .5%.  

Figure 4.25.  
Coef f ic ien t  as a Function of t h e  Ratio of 
t h e  Deflect ing Screen Sides f o r  a Reverser 
E q u i p p e d  i n  a Nozzle Surrounding a Central 
Body f o r  Di f fe ren t  Relat ive Areas of the 
M i n i m u m  Through Cross-section .of t h e  
Screens and T;': = 2.0 .  Screens Made 

of Leafwise P r o f i l e s  (Scheme 1 ,  Variant  1 )  

Re la t ive  Value of Reverse 

nozz 1 e 

o - F-: - G . M  (9,7 -- 0 3 0 ) ;  c 7 , ~  --F, 
( p  : . , x ~ ! , o ) ;  : - - -F,  0,375 ( p  -670) 

vane vane 
Screens made of Prof i 1 ed Vanes : 

(Scheme I , Variant  2)  : B -F.-O.m: m -Fi:;a0.47; A -  

- 
8,423 - 

. -  - _. - 
F2~0.7; + - F ,  --0,61; G - F ,  -0.81; 'a - F,*  0,89; 

IJ -7,- 1 . .  

(The  values of t h e  s u b t e n d e d  angles and 
the number of channels enclosed i n  t h e  
screens a r e  g i v e n  next to  the experimental 
symbols) . 

So, the method o f  vane p r o f i l i n g  i n  reversers  t h a t  inc lude  de f l ec t ing  
screens i s  not  t he  governing f a c t o r  i n  t o t a l  p ressure  l o s s e s .  Therefore ,  we 
can use vanes of  the  s imples t  type,  made of  s h e e t  ma te r i a l ,  i n  sc reens  o f  r e -  
versers  without any detr iment  t o  t h e i r  e f f i c i e n c y .  
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Effec t  of Method of  Closure of Deflecting Screens and T h e i r  Placement i n  
t h e  J e t  D u c t  [ P i p e ]  of an Engine on R r e v  

When a r e v e r s e r  of a nozzle t h a t  includes a c e n t r a l  body is  constructed 
under Scheme 11, t h a t  i s ,  when f l a p s  a r e  p laced  forward o f  t h e  screens 1 made 
of  leafwise p r o f i l e s  i n s t e a d  of a cone, the c h a r a c t e r  o f  the  curves descr ibing 
t h e  reverse  c o e f f i c i e n t  as a funct ion of  t h e  e x t e n t  o f  p r e s s u r e  reduct ion is 
somewhat modified: t h e  maximum of  the  reverse  c o e f f i c i e n t  s h i f t s  t o  l a r g e  /113 
IT* values (Figure 4.26, a ) .  The r e s u l t s  o f  t e s t i n g  a r e v e r s e r  with re- 

motely-located f l a p s  (Scheme 111) a r e  p l o t t e d  i n  Figure 4.26, b .  We can e a s i l y  
see t h a t  the  reverse  c o e f f i c i e n t  increases .  This  s tands  t o  reason, s i n c e  t h e  
Scheme 11 f l a p s ,  loca ted  as they are i n  t h e  stream, in t roduce  c e r t a i n  losses  
of  t o t a l  p r e s s u r e  which a r e  not  t o  b e  found i n  Scheme 111. 

nozzle 

Figure 4.26. Reversing Coeff ic ient  as  a Function of Pressure Drop f o r  Reverser 

a ,  Diagram I I  w i t h  L a t t i c e  1.of Vane P r o f i l e s :  A ' A ,  Various Dia- 
gram I V ,  Variant 2 ;  0 ,  Variant 2; b diagram I l l  w i t h  L a t t i c e  l of 
Vane P r o f i l e s ;  Variant 1 ; 0 ,  Variant 2. Diagram I l l ,  Variant 2 
W i t h  L a t t i c e  of Shaped Vanes; 0 ,  e = 70, z = 6 (T 
0 , 0 , Various Tests, e = 110'. z = 6 (F2 = 0.7207 

W i t h  Central Body: 

= 0.465);  
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Tests  o f  a reverser constructed under Scheme I with screen remotely /114 
located from t h e  c e n t r a l  body (Variant 2) showed t h a t  the c h a r a c t e r i s t i c s  re- 
main p r a c t i c a l l y  as before  (Figure 4.27) .  The t h r u s t  c h a r a c t e r i s t i c  does n o t  
change as t h e  r e s u l t  o f  r e l o c a t i n g  t h e  screens  i n  Scheme I1 (Variant 2 ) and 
i n  Scheme I11 (Variant 2 ) ,  which w e  can see i n  Figure 4.26. 

Figure 4 . 2 7 .  Reverse Coeff ic ien t  as t h e  
Function of Extent of Pressure Reduction 
f o r  t h e  Reverser of a Nozzle t h a t  I n -  
cludes a Central Body w i t h  Screen I .  
Scheme 1 :  0, Variant  1 ;  0 ,  Variant  2 .  

Figure 4.26, b a l s o  gives us 
d a t a  f o r  a reverser constructed 
following Scheme I11 of  Var ian t  2 
with screens made of p r o f i l e d  
vanes. We can s e e  t h a t  i n  Scheme 
111 use of  p r o f i l e d  vanes i n  the  
d e f l e c t i n g  screens does n o t  b r i n g  
about change i n  the q u a l i t a t i v e  
p a t t e r n  o f  the  reverse c o e f f i c i e n t  
as a funct ion o f  e x t e n t  o f  pres -  
s u r e  reduct ion.  

And s o ,  the  elements ( shut -  
t e r s ,  f l a p s )  loca ted  i n  d i r e c t  
proximity about the  s c r e e n s ,  and 
not  t h e  placement of  t h e  screens 
r e l a t i v e  t o  the  c e n t r a l  body, i s  

what has a bear ing on t h e  s i z e  of  the reverse  c o e f f i c i e n t  and on the appkarance 
o f  t h e  funct ion Rrev - 
maximum on t h e  curve. rev  

) and, i n  p a r t i c u l a r ,  on the  l o c a t i o n  of  t h e  - ‘(‘Gozzle 

When c y l i n d r i c a l  s h u t t e r s  a r e  placed forward of  the d e f l e c t i n g  screens 
(Figure 4 .28) ,  t h a t  i s ,  when t h e  r e v e r s e r  i s  b u i l t  according t o  Scheme I V ,  
Var ian t  2 ,  the  na ture  of  the funct ion KreV = f ( n i o z z l e  ) i s  kept  about the  same 

as when s h u t t e r s  of  the  reverse  regula ted  nozzle  type a r e  pos i t ioned  forward 
of  the  screen  (Figure 4.22) .  This i s  a l s o  t o  be seen when we compare t h e  cor- 
responding curves i n  Figure 4.21 and 4.23. The values of t h e  reverse  coef- 
f i c i e n t  a t t a i n e d  prove t o  b e  lower, s i n c e  t h e  c y l i n d r i c a l  s h u t t e r s  provide , 
obviously,  b e t t e r  organiza t ion  of  the  stream a t  i t s  Lnle t  i n t o  t h e  screen .  
However, t h e  d i f f e r e n c e  between t h e  Erev values f o r  F2 FZ 0.72-1.0 values t h a t  

a r e  of  i n t e r e s t s  i n  a c t u a l  p r a c t i c e  i s  not  very g r e a t .  
t u r n  of events ,  g iv ing  t h e  des igner  some freedom i n  choosing a method of  sc reen  /115 
c losure  i n  the  d i r e c t  t h r u s t  regime. 

This i s  a favorable  

L e t  us t u r n  t o  some r e s u l t s  of  a s tudy made o f  reversers  with c o n s t r i c t e d  
nozzles .  Figures 4.21 and 4.22 p r e s e n t  p l o t s  of  d a t a  f o r  a model correspond- 
ing  t o  Scheme A (c f .  F igure  4.16) of  a r e v e r s e r  used with a c o n s t r i c t e d  nozzle 
when t h e  screens  made o f  p r o f i l e d  vanes were placed d i r e c t l y  a f t  o f  t h e  t u r b i n e  
and when s h u t t e r s  o f  the  reverse  regula ted  nozzle  type were l o c a t e d  forward of 
t h e  s c r e e n s .  We can s e e  t h a t  p lac ing  d e f l e c t i n g  screens i n  t h e  region o f  i n -  
creased v e l o c i t i e s  does n o t  l e a d  t o  a change i n  the p a t t e r n  o f  t h e  curve des- 
c r ib ing  t h e  reverse  c o e f f i c i e n t  as a func t ion  of  e x t e n t  of  p r e s s u r e  reduct ion 
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compared with Scheme I ,  Variant  2 o f  a reverser f o r  a nozzle  t h a t  includes a 
c e n i r a l  body. 

Rrev 

Figure 4.28. Reverse Coeff ic ien t  as 
Functions O F  Extent of Pressure Re- 
duction f o r  Reversers Used with a 
Nozzle Enclosing a Central Body and 
f o r  a Constr ic ted Nozzle. Screen 8 = 
= 110", z = 6 :  0 ,  8 , Differen t  Tests 
Scheme I V ,  Variant 2 ;  A ,  Scheme D 
( F i g .  4 .16) ;  e, Scheme V ; U ,  Scheme E .  

When, i n s t e a d  o f  s h u t t e r s  o f  
t h e  r e v e r s e  regula t ion  nozzle  type ,  
c y l i n d r i c a l  s h u t t e r s  are pos i t ioned  
forward of  the  d e f l e c t i n g  screens ,  
t h e  values of  t h e  reverse  c o e f f i -  

-2.2 prove t o  be almost t h e  same. 
This i s  t o  b e  seen f o r  Schemes C and 
D (Figure 4.16) from Figure 4.28. 

c i e n t  i n  t h e  range m* = 1.8- nozzle 

When c y l i n d r i c a l  s h u t t e r s  a r e  
p o s i t i o n e d  forward of t h e  d e f l e c t i n g  
screens i n  t h e  turned p o s i t i o n  
(Scheme E ,  Figure 4.16),  t h e  p a t -  
t e r n  o f  t h e  curve descr ib ing  t h e  
reverse  c o e f f i c i e n t  i n  funct ion o f  
e x t e n t  o f  pressure  reduct ion v a r i e s  
b u t  l i t t l e ,  however the  r e s u l t i n g  
values are appreciably lower. This 
is explained by a decrease i n  t h e  
c o e f f i c i e n t  o f  t o t a l  p ressure  r e -  
covery i n  the screen .  I t  m u s t  b e  
poin ted  out  t h a t  when t h e  s h u t t e r s  
a r e  arranged i n  t h i s  p o s i t i o n ,  ex- 
periments have revealed a consider- 
a b l e  j a r r i n g  o f  the u n i t ,  ev ident ly  
produced by t h e  i n s t a b i l i t y  o f  t h e  

/116 - 

flow. 
model incorpora t ing  d e f l e c t i n g  screens i n  which the gas duct i s  t h r o t t l e d  by a 
diaphragm. ( c f .  Figure 2 . 6 ) .  Therefore,  i n  these  models, when schemes C ,  D 
and E a r e  s t u d i e d ,  t h e  gas duct was not  completely p a r t i t i o n e d ,  t h e r e f o r e  i n  
order  t o  exclude t h e  e f f e c t  of d i r e c t  t h r u s t  o f  the  nozzle  on tes t  r e s u l t s  and 
i n  order  t o  secure comparable da ta ,  t h e  nozz le  was closed over with an end cap, 
as  shown i n  t h e  ske tch  ( c f .  Figure 4.18).  

This phenomenon has a l s o  been observed i n  tes ts  made o f  a r e v e r s e r  

I t  follows from the foregoing t h a t  i n  the  r e v e r s e r  schemes o f  a nozzle  
incorpora t ing  a c e n t r a l  body and a contracted nozzle  high reverse c o e f f i c i e n t s  
can b e  obtained.  The values Erev k O . 5  t h a t  are needed i n  p r a c t i c e  a r e  a t t a i n -  

ed f o r  an appl icable  value of  t h e  design angle of the s h u t t e r s  a t  t h e  e x i t  from 
t h e  d e f l e c t i n g  s c r e e n ,  equal t o  approximately 50". 

Ef fec t  of 9 e n s i t y  of Deflect ing Screens on Rrev 

A t  a given a/b r a t i o  t h e  screen  can b e  made i n  a v a r i e t y  of d e n s i t i e s .  
When a/b % 0 . 5  (8  = 110") sc reens  can b e  made of  p r o f i l e d  vanes with d i f f e r e n t  
d e n s i t i e s :  
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I n  a l l  these screens t h e  o v e r a l l  sc reen  length was taken a t  t h e  same 
value as i n  the  o r i g i n a l  v a r i a n t  where c / t  = 1.26 and z = 6 .  
i n  t h i s  way t h e  e x i t  a r e a  d i f f e r e d  by about +17.5% 
v a r i  a n t  . 

For screens  b u i l t  
from the  F2 o f  the  o r i g i n a l  

T e s t s  with t h e s e  d e f l e c t i n g  screens  were conducted on a r e v e r s e r  model 
of  a contracted nozzle  when a cone w a s  pos i t ioned  forward o f  t h e  screen ,  t h a t  
i s ,  on t h e  nozzle  corresponding t o  Scheme B ( c f .  Figure 4.16).  The nozzle w a s  
covered with an end cap. Inspect ion of  the  curves descr ib ing  t h e  reverse  co- 
e f f i c i e n t  as a funct ion of t h e  e x t e n t  o f  pressure  reduct ion showed t h a t  when 
the screen  d e n s i t i e s  increased ,  a t  a given constant  r a t i o  o f  sc reen  sides a/b,  
an almost e q u i d i s t a n t  s h i f t i n g  o f  t h e  curves toward t h e  s i d e  of l a r g e  Rrev 

values t'akes p lace .  For reversers  with screens made of  leafwise p r o f i l e s  t h i s  /117 
can be seen from Figure 4.20.. A r i s e  i n  t h e  reverse  c o e f f i c i e n t  t h a t  occurs 
when t h e  dens i ty  i s  increased (Figure 4.29) i s  accounted f o r  by a climb i n  t h e  
c o e f f i c i e n t  of t o t a l  p r e s s u r e  recovery i n  the  screen.  
of  the  r e s u l t s  of  a t es t  made of a r e v e r s e r  incorpora t ing  screens  made of  leaf- 
wise p r o f i l e s  and d a t a  known from the l i t e r a t u r e  [38]. I t  i s  obvious t h a t  the 
e f f e c t  o f  dens i ty  shows up q u a l i t a t i v e l y  the  same. 

The f i g u r e  gives p l o t s  

F i g u r e  4 .29 .  Reverse Coeff ic ien t  as a 
Function of Density of Deflect ing Screen 

0, Reverser of a Contracted Nozzle I n -  
corporat ing S h u t t e r s  o f  t h e  Reverse 
R e g u l a t e d  Nozzle Type ( S c h e m e  B ,  F i g .  
4.16) W i t h  Screens a/b '0.50 Made of 
Prof i l e d  Vanes : .a, A ,  t h e  Same Scheme 
Based on t h e  Data i n  t h e  S t u d y  [38]; 
d ,  Reverser of  a Nozzle Incorporating 
a Central  Body (Scheme I ,  Variant 1 )  
W i t h  Screens a/b - 0.25  Made of Leaf- 
w i s e  P r o f i l e s .  

w h e n  a/b = const  and T;: = 2 .0 :  nozzle 

We must: d i r e c t  a t t e n t i o n  t o  t h e  f a c t  t h a t  based on the  r e s u l t s  o f  t h i s  
s tudy t h e  very considerable  v a r i a t i o n  i n  d e n s i t y  leads not  only t o  an appreci- 
ab le  devia t ion  i n  values  of  t h e  reverse  c o e f f i c i e n t .  Consequently, t h e  dens i ty  
o f  the  d e f l e c t i n g  screens .  can be s e l e c t e d  withouf: detr iment  t o .  the  e f f i c i e n c y  
o f  t h e  r e v e r s e r  q u i t e  a r b i t r a r i l y ,  guided by design cons idera t ions .  
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Effec t  of  Decrease i n  Exi t  Section of Deflect ing Screens on Frev 

I n  a number of tests made of a r e v e r s e r  i n s t a l l e d  i n  a nozzle  incorpora t -  
i n g  a c e n t r a l  body t h a t  included screens made of  leafwise p r o f i l e s ,  t h e  mini- 
mum sc reen  e x i t  area was reduced by i n s t a l l i n g  longi tudina l  i n s e r t s  along the  
margins o f  t h e  s c r e e n s .  I t  follows from Figure 4.30 t h a t  i n s t a l l a t i o n  of  t h e  
i n s e r t s  4 s u b s t a n t i a l l y  v a r i e s  both t h e  p a t t e r n  of  t h e  reverse  c o e f f i c i e n t  as 
a funct ion of e x t e n t  of pressure  reduct ion ,  as well as t h e  value R The 

r e v '  
i n s e r t s  l e d ,  e v i d e n t l y ,  t o  flow separa t ion  i n  t h e  end face  s e c t i o n s  , b u i l d i n g  
up appreciably as t h e  e x t e n t  of pressure  reduct ion grew. As a r e s u l t  o f  flow 
s e p a r a t i o n  l a r g e  losses  of  t o t a l  p ressure  are induced. 
t h i s  curve f o r  one of  t h e  t e s t e d  v a r i a n t s  o f  a r e v e r s e r  model incorpora t ing  
d e f l e c t i n g  screens  and t h r o t t l i n g  t i l t i n g  vanes ( 5 4 ,  Chapter I V )  . 
delving i n t o  a d e t a i l e d  comparison of  t h e  r e s u l t s ,  s i n c e  i n  t h i s  model bypass- 
i n g  of p a r t  o f  t h e  gases t o  t h e  j e t  nozzle was executed, we observed t h a t  f o r  
these  models t h e  n a t u r e  of  t h e  reverse  c o e f f i c i e n t  as a func t ion  of  e x t e n t  o f  
pressure  reduct ion m u s t  b e  deemed unfavorable owing t o  considerable  reduct ion 

Figure 4.30 p r e s e n t s  

Without 

as TI* is  made g r e a t e r .  of 'rev nozzle  

Figure 4.30. Comparison o f  Reverse 
Coeff ic ien ts  as Functions o f  Extent o f  
Pressure Reduction f o r  a Reverser 
B u i l t  In to  a Nozzle Incorporating a 
Central  Body and Screen I w i t h  Data 
f o r  a Reverser ( c f .  F i g u r e  4.51) of a 
Contracted Nozzle Incorporating De- 
f l e c t i n g  Screens ( B  

= 1.5) and T h r o t t l i n g  T i  1 t i n g  Vanes 
(Curve 2 ) :  1 ,  Scheme I ,  Variant  1 and 
2 ;  3 ,  Scheme I ,  Variant 1 ,  Screen w i t h  
I n s e r t s  4 .  

= 3 6 " ,  c / t  = screen 

/118 

/ I  19 - 

The e f f e c t  on t h e  reverse  coef- 
f i c i e n t  of  reducing t h e  screen  e x i t  
a r e a ,  the longi tudina l  end face  wal l s  

of which were made p a r a l l e l  t o  the v e r t i c a l  p lane  of symmetry, w& i n v e s t i g a t -  
ed.  The space around t h e  longi tudina l  walls were l i n e d  with Wood's a l l o y .  The 
screens produced had an a r e a  r a t i o  F i n ~ e t ' ~ ~  of  about 1 .5 .  
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Figure 4.31.  Reverse Coeff ic ien t  as t h e  
Function of Extent of Pressure Reduction 
f o r  a Reverser Incorporated i n  a Con- 
t r a c t e d  Nozzle w i t h  Para1 le1 Longi t u d -  
inal Walls of t h e  Deflecting Screens:  
0 ,  w i t h  Shut te rs  of t h e  Reverse Regu- 
l a ted  Nozzle T y p e  (Scheme B y  Figure 
4.16)  ; A ,  w i t h  Cy1 indr ica l  S h u t t e r s  
(Scheme D); A ,  w i t h  Cyl indrical  Flaps 
(Scheme E ) ;  +, without S h u t t e r s  ( S c h e m e  
F)  - 

The r e s u l t s  of  t e s t i n g  t h e  
r e v e r s e r  incorporated i n t o  a con- 
t r a c t e d  nozzle  with d i f f e r e n t  
t h r o t t l i n g  devices made up o f  
screens of p r o f i l e d  vanes o f  den- 
s i t y  c / t  = 1.26, subtended angle 
e = l l O o ,  and number o f  channels 
z = 6 are p l o t t e d  i n  Figure 4.31. 
I n  these  tests the  e x i t  a r e a  o f  
t h e  nozzle  w a s  c losed over  with 
an end cap. We can see t h a t  i n -  /120 
creasing the  convergence of  t h e  - 
in te rvane  channels of  t h e  screen  
has a very favorable  e f f e c t  on 
t h e  r e v e r s e r  c h a r a c t e r i s t i c s .  
The curves t e s t i f i e d  t o  a marked 
r i s e  i n  the  reverse  c o e f f i c i e n t  
f o r  a l l  methods of  t h r o t t l i n g  t h e  
gas ducts compared t o  t h e  rever -  
s e r  employing r a d i a l l y  pos i t ioned  
end wal l s  o f  s c r e e n s .  

We m u s t  however, take note  
t h a t  t h e  above-indicated value 

Finlet/F2 i n  a c t u a l  r e v e r s e r  de- 

s igns  cannot b e  a t t a i n e d  owing t o  
t h e  small  r a d i a l  dimension o f  the 
d e f l e c t i n g  screens .  Therefore ,  

the  gain from t h i s  placement of  the  end wal l s  o f  the  screens w i l l  ev ident ly  be 
l e s s  t a n g i b l e .  

§ 3 .  Reversers Posi t ioned Forward o f  t h e  Exi t  Area of t h e  J e t  Nozzle and Aft 
of i t  

Reversers Posi t ioned Forward of t h e  J e t  Nozzle Exit  

Reversers incorporat ing d e f l e c t i n g  connecting p a r t s  and t h r o t t l  i n g  s h u t t e r s  

A r e v e r s e r  o f  t h i s  type (Figure 4.32) is  i n s t a l l e d  a f t  of the  t u r b i n e  
ahead of  t h e  a f t e r b u r n e r  chamber. The p a r t s  of  t h e  reverser are n o t  subjec ted  
t o  high gas temperatures i n  the  a f t e r b u r n e r  regimes. Gases emit ted i n t o  the  
atmosphere through f o u r  connecting p ipes  (nozzles) . The connecting pipes  have 
cross-pieces  4 forming a c r i t i c a l  c ross -sec t ion ,  and guide vanes 5 

The p r i n c i p a l  s h u t t e r s  2 d i r e c t i n g  the gas i n t o  the connecting pipes  when 
the  r e v e r s e r  i s  cu t - in  a r e  i n s t a l l e d  a t  an angle t o  t h e  engine a x i s .  The re- 
v e r s e r ,  i n  a d d i t i o n  t o  t h e  p r i n c i p a l  s h u t t e r s  , has two small  a u x i l i a r y  s h u t t e r s  
3 which s e r v e  t o  boos t  gas duct a c c e l e r a t i o n .  Some of t h e  gas is  bypassed i n t o  
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t he  j e t  nozzle  through the sl i ts  between the s h u t t e r s ,  the  a rea  of which F4 
is  about 20% of  the  a rea  Fnozzle of the c r i t i c a l  a r ea  of  the  j e t  nozzle .  When 
the  r eve r se r  has been cu t - in ,  the  p r i n c i p a l  and a u x i l i a r y  s h u t t e r s  a r e  r o t a t e d  
s imultaneously.  Control  of  s h u t t e r s  is  executed by means of  l eve r s  connected 
t o  the  pushrods of  the  cont ro l  d r ive  hydrocyl inders .  

Shu t t e r s  can have 
th ree  c h a r a c t e r i s t i c  pos i -  
t i o n s .  The first p o s i t i o n  
i s  r eve r se r  no t  cu t - in .  
The p r i n c i p a l  s h u t t e r s  
cover the i n 1  e t  sec t ions  
of  the connecting p ipes  
and toge ther  with the aux- 
i l i a r y  s h u t t e r s  l i e  f l u sh  
with the  j e t  p ipe  su r face .  
The second p o s i t i o n  i s  
p a r t i a l  r e v e r s a l ,  i n  which 
the engine operat ing a t  
r a t e d  rpm provides  a t h r u s t  
equal t o  the  t h r u s t  a t  low 
t h r o t t l e .  The second pos i -  

Figure 4.32. Reverser w i t h  Deflect ing Con- t i o n  i s  complete r e v e r s a l .  
necting Pipes and Thro t t l i ng  Shut te rs  a n d  The f l a p s  a r e  t i l t e d  by an 
i t s  Experimental C h a r a c t e r i s t i c s  When F4 = angle o f  r$ = 46’. 

--L 

- 

1,2 $4 (6 1,B 2.0 Z , ~ ’ T T > ~ ~  
7 

- / 1 2 1  z 

= 0.2: 1 ,  Connecting P i p e s ;  2 ,  nozzle The c h a r a c t e r i s t i c s  = Fq/F 

Principal  S h u t t e r s ;  3 ,  Auxi 1 iary Shu t t e r s ;  
4, Cross-piece; 5 ,  G u i d e  vane. 

o f  the r eve r se r  b u i l t  with 
geometrical  dimensions of 
the flow s e c t i o n  shown i n  
the f igu re1  have been de- 
termined experiment a l l y .  

The f igu re  a l so  gives  the main cha rac t e r i s  t i c s .  

The values  of r e l a t i v e  t h r u s t  Krel and consumption crel, the  reverse  co- 

e f f i c i e n t s ,  and the consumption c o e f f i c i e n t s  as func t ions  of the  angle 4 of  
s h u t t e r  t i l t i n g  when the  ex ten t  of  p re s su re  reduct ion  nRozzle = 2 . 2 3 ,  cor-  

responding t o  maximum engine regime, a r e  shown i n  Figure 4 . 3 3 .  The t h r u s t  
v a r i a t i o n  takes  p l ace  smoothly, which i s  c h a r a c t e r i s t i c  for a l l  r eve r se r  
schemes i n  which t h r o t t l i n g  of the gas ducts i s  accomplished mechanically. 

In  model t e s t s ,  r e l a t i v e  consumption i n  the  process  of cu t t i ng - in  and 
cu t t ing-out  of  the  r e v e r s e r  increases  owing t o  the  f a c t  t h a t  the through cross-  
s e c t i o n a l  a reas  of the exhaust system become g r e a t e r ,  s i n c e  the connecting 

IThe r e l a t i v e  dimensions i n  t h i s  s e c t i o n  a r e  given i n  the f igu res  i n  f r ac t ions  
of diameter Dnozzle o f  the c r i t i c a l  nozzle c ross -sec t ion  i n  d i r e c t  t h r u s t  
regime. 
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pipes i n t o  the  j e t  nozzle  a r e  p a r t i a l l y  open simultaneously.  Consequently, 
the  cu t t ing- in  and cu t t ing-out  o f  t h e  r e v e r s e r  must no t  induce any d i f f i c u l t -  
ies  i n  performance of t h e  turbo compressor group o f  t h e  engine,  s i n c e  t h e  
s t a b l e  performance margin of  t h e  compressor i n  the engine system here  then i n -  
c reases .  I t  i s  c l e a r l y  seen i n  the f i g u r e  t h a t  t h e  t h r u s t  a t  low t h r o t t l e  
(Rrel - 0.15) i s  a t t a i n e d  when t h e  s h u t t e r s  have been turned by an angle  4 w - 25O. 

/122 

-1 . 

Figure 4.33. Relat ive Thrust and Relat ive Consumption Reverse Co- 
e f f i c i e n t  and Consumption Coeff ic ien t  as Functions of  t h e  A n g l e  of S h u t t e r  
Turning (p ( n : ~  = 2.23)  f o r  a Model of a Reverser Incorporating Connecting nozzle 
Pi.pes and T h r o t t l i n g  S h u t t e r s .  

re1 re1 ' 

Figure 4 . 3 4  p r e s e n t s  the  d i s t r i b u t i o n  o f  t o t a l  p ressure  i n  t h e  i n l e t  
s e c t i o n  p 

comb 6 .  

pO,inlet i s  below t h e  atmospheric a t  t h e  f r o n t  wall  1 of t h e  connecting p ipe .  
t h i s  drop i n  p r e s s u r e  was brought about by flow s e p a r a t i o n  induced i n  t h e  i n l e t  
s e c t i o n  of  t h e  connecting p i p e  a t  t h e  l o c a t i o n  of an abrupt  tu rn .  The p r e s s u r e  

a t  some d i s t a n c e  from the  f r o n t  wal l  i s  comparable wi th  the  atmos- PO, i n l e t  
p h e r i c ,  f u r t h e r  r ises ,  and reaches the maximum c lose  t o  t h e  rear wall 2 where 
the  flow is more organized,  s i n c e  i t  i s  d i r e c t e d  by the  p r i n c i p a l  s h u t t e r  3.  
The t o t a l  p ressures  p i n  t h e  e x i t  a reas  a l s o  charac te r ized  by appreciable  

and t h e  e x i t  a r e a  of  t h e  connecting p ipe  p .measured by t h e  
0 , i n l e t  02'  
We can c l e a r l y  s e e  t h a t  i n  t h e  i n l e t  s e c t i o n  t h e  t o t a l  p r e s s u r e  

0 ,2  
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nonuniformity.  The t o t a l  p ressure  p 

t o  the  r e a r  walls va r i e s  from pH t o  the  maximum. 

s e c t i o n  adjoining the  f r o n t  wa l l ,  the  t o t a l  p re s su re  a t  the  e x i t  has l e s s  than 
the  t o t a l  p ressure  a t  the  i n l e t ,  owing t o  lo s ses  i n  t h e  connecting p ipe .  By 
the  f r o n t  wal l  the value p i s  g r e a t e r  than p This is s o  because 092 0 , i n l e t '  
s tream once again f i l l s  the e n t i r e  c ros s - sec t iona l  a r ea .  The cross-piece 4 
and the guide vane 5 have a marked e f f e c t  on flow s t r u c t u r e :  a f t  o f  these  e l e -  
ments a sharp drop i n  t o t a l  p re s su re  is  observed. 

i n  the  d i r e c t i o n  running from t h e  f r o n t  

With the  except ion of  the  
0 ¶ 2  
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Measurements showed t h a t  t he  d i s t r i -  
bu t ion  o f  t o t a l  p ressure  across  the  cross-  
s e c t i o n a l  a r ea  of  the j e t  nozzle  loca ted  
remotely from the r e v e r s e r  i s  q u i t e  un i -  
form, s i n c e  the  flow along the  path from 
the  s h u t t e r s  t o  the  e x i t  a r e a  of t h e  j e t  
no z z l  e be comes equal i zed. 
of  t o t a l  p re s su re  recovery o 

nect ing  p ipe  and o1 i n  the j e t  nozzle  i n  

r e v e r s a l ,  determined from the  r e s u l t  o f  
measuring t o t a l  p re s su re ,  a r e  a l s o  p l o t t e d  
i n  Figure 4 .32l .  

Coef f i ci en ts  
i n  the  con- 2 

Also t e s t e d  w a s  the  e f f e c t  on rever-  
s e r  parameters of  t he  following design 
changes i n  the s t a r t i n g  model: 

a) El iminat ion o f  the cross-piece 4 
( c f .  Figure 4.32) and the guide vane 5 of 
the  connecting p ipes  (Variant a ) ;  

b)  use of  nonsymmetrical desigri of 
s h u t t e r s ,  as the r e s u l t  of which the  aux- 
i l i a r y  s h u t t e r s  were done away with and 
the a r e a  of gas  bypass t o  the j e t  nozzle 
w a s  brought down from 20 t o  13% (Variant 
b) ; 

Figure 4 . 3 4 .  Dis t r ibu t ion  o f  Total c) Var ia t ion  i n  the bypass 
Pressure i n  the I n l e t  and Exi t  Sec- a rea  from 1 3  t o  22% i n  the  design 
t ions  Along t h e  M i d d l e  o f  t h e  Connect- 

nozzle i n g  P i p e  when n;k 

46': 1 ,  Front Wall; 2 ,  Rear Wall; 3 ,  
Principal  S h u t t e r ;  4 ,  Cross-piece; 5 ,  
G u i d e  Vane; 6 ,  Comb. 

lThe d a t a  on 0 

incorpora t ing  nonsymmetrical shut -  
= 2.23 and 4 = ters (Variant  c ) ;  

d) a reduct ion i n  the  he ight  
of  the r e a r  wall of the connecting 

(Variant d) . p ipe  by 0 . 3 0 6  DTlozz le  
p resented  below i n  this s e c t i o n  have been based on measurement 2 

of t o t a l  p re s su re  f i e l d s  a t  e x i t  *from de f l ec t ing  elements of r eve r se r s .  
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I n v e s t i g a t i o n  of t h e  v a r i a n t  a showed t h a t  when the consumption coef f i -  
c i e n t  = 1 t h e  reverse c o e f f i c i e n t  when n* = 2.2 was lowered from 

0.50 t o  0.48. This decrease i n  t h e  reverse c o e f f i c i e n t  can be explained by t h e  
fact  t h a t  i n  e l imina t ing  the  cross-piece and t h e  guide vanes i n  t h e  connecting 
p ipe  a flow s e p a r a t i o n  a r e a  w a s  b u i l t  up and t o t a l  p ressure  losses  mounted. 

rev nozzle 

When the  bypass a r e a  w a s  reduced (Variant b)  t h e  reverse c o e f f i c i e n t  rose 
up t o  about 0.55. 

I n  Variant  c a reverse  c o e f f i c i e n t  o f  0.50 w a s  obtaLned, t h a t  i s ,  i t  
agreed with t h e  value o f  Rrev o f  the  s t a r t i n g  model when F4 = 0.20. 

duction i n  t h e  value of  E compared t o  v a r i a n t s  a and c were due t o  t h e  fact  

t h a t  as t h e  he ight  of  the  r e a r  w a l l  o f  the connecting p ipe  was decreased, some 
of the flow escaped from the  connecting pipes  a t  a l a r g e  angle t o  t h e  engine 
a x i s .  

In  Variant  d t h e  reverse  c o e f f i c i e n t  proved t o  be equal t o  0 .40 .  A re- 

rev  

Reversers r J i  t h  annular  d e f l e c t i n g  screens and w i t h  a t h r o t t l i n g  j e t  nozzle /125 - 

A r e v e r s e r  with t h r o t t l i n g  j e t  nozzle  was developed f o r  one of t h e  domes- 
t i c  engines.  Tests of  a series o f  v a r i a n t s  o f  t h i s  scheme on models w a s  con- 
ducted aiming a t  determining the chances of  ob ta in ing  a reverse c o e f f i c i e n t  
0.35-0.40. 

When t h e  r e v e r s e r  was c u t - i n ,  t h e  s h u t t e r s  1 (Figure 4.35) o f  t h e  j e t  
nozzle  t h r o t t l e d  t h e  e x i t  a r e a  of  t h e  nozzle  and a l a r g e  p a r t  o f  t h e  gas e x i t e d  
through the extended d e f l e c t i n g  screen  2 ,  bu i ld ing  up negat ive t h r u s t .  When 
the  reverser  was n o t  c u t - i n ,  the  screen  was s h i f t e d  t o  the  l e f t  (pushed along 
t h e  sur face  of the  j e t  pipe)  and the  through s e c t i o n  of the j e t  nozzle was ex- 
panded t o  normal. Here t h e  j e t  nozz le ,  r i g i d l y  mounted t o  the  s c r e e n ,  rests a t  
t h e  face o f  the j e t  p ipe  4 ensuring t i g h t n e s s  o f  the  b u t t .  

4 

-T 
N 
0 
27 

I,.? 1,4 1,s 7,8 20 &?w* 
no Z 

F i g u r e  4.35. Reverser w i t h  
Annular Deflect ing Screen 
and w i t h  T h r o t t l i n g  J e t  
Nozzle and i t s  Experimental 
C h a r a c t e r i s t i c s  a t  F l / F n o z .  

= 0.25: 1 ,  J e t  Nozzle 
S h u t t e r s ;  2 ,  Screen; 3 ,  
Screen P r o f i l e ;  4 ,  J e t  
P i p e .  
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Reverser models were constructeu s u i t a b l y  f o r  the maximum engine regime 
(Figure 4.35 and 4.36) and f o r  t he  a f t e rbu rne r  regime (Figures 4.37 and 4.38) .  
The ex ten t  of p re s su re  inc rease  i n  t h e  a f t e rbu rne r  regime T 

models t e s t e d  was taken as equal t o  two. Here To,aft = braking temperature i n  
the  j e t  nozzle  i n  the  a f t e rbu rne r  regime, and To = braking temperature i n  the  

j e t  nozzle i n  maximum engine regime. 
constructed f o r  t he  maximum engine regime, the requi red  ' 
vided by the  v a r i a n t  shown i n  Figure 4.35. 

('rev 
s i d e r a b l e  t h r o t t l i n g  o f  the  gas duct by the j e t  nozzle .  
meter here  was reduced i n  h a l f ,  t h a t  i s ,  F /F = 0.25 .  This decrease i n  

diameter was a t t a i n e d  by using a j e t  nozzle s t r u c t u r e  with s tepped s h u t t e r  
c ross -sec t ion  (Figure 4.39) . 

/T f g r  t he  0 , a f t  0 

The t e s t s  showed t h a t  of  t he  va r i an t s  
value was pro- r ev  

The f a i r l y  high reverse  c o e f f i c i e n t  /126 
= 0.39) compared with the  o the r  v a r i a n t  w a s  a t t a i n e d  owing t o  the con- 

The j e t  nozzle  d ia -  

1 nozzle 

Figure 4.36. 
Nozzle and Its Experimental Charac t e r i s t i c s  a t  F / F  

Reverser w i t h  Annular Deflect ing Screen and w i t h  Th ro t t l i ng  J e t  
= 0.364.  1 nozzle 

F i g u r e  4.37. Reverser w i t h  
Annular Deflect ing Screen w i t h  
Thro t t l i ng  J e t  Nozzle and I t s  
Expe r i men t a 1 C ha ra c t e  r i s t i cs 
a t  F 1 / F n o z z l e  = 0.79. 
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= 0.31, t h e  value K = 0.20 w a s  obtained.  For t h e  When F1/Fnozzle rev 
maximum p o s s i b l e  e x t e n t  of  gas duct  t h r o t t l i n g  F / F  

nozzle  t h a t  d i d  n o t  incorpora te  s tepwise c ross -sec t ion  o f  s h u t t e r s ,  a reverse  
c o e f f i c i e n t  of  K 

= 0.36 i n  t h e  j e t  1 nozzle  

"0.2 ( c f .  Figure 4.36) w a s  achieved. rev 

I n  t h e  a f t e r b u r n e r  regime t h e  reverse  c o e f f i c i e n t  value o f  Erev" 0.22 /127 

i s  a t t a i n e d  a t  a r e l a t i v e l y  small  decrease i n  diameter Dnozzle o f  t h e  j e t  noz- 

Figure 4.37) .  
c lose  t o  t h e  minimum, 0.594Dnozzle, which can b e  a t t a i n e d  without  s tepwise 

s h u t t e r  c ross -sec t ion ing ,  and with simultaneous i n c r e a s e  i n  t h e  angle B 
from 20" t o  40°, t h e  reverse  c o e f f i c i e n t  i s  Krev = 0.55 ( c f .  Figure 4.38) .  

z l e ,  approximately down t o  0.887 Dnozzle, t h a t  i s ,  when F1/Fnozzle " 0.79 ( c f .  
As t h e  diameter o f  t h e  j e t  nozzle  i s  reduced down t o  a value 

vane 

Figure 4.38. Reverser with Annula Deflect ing 
Screen and W i t h  T h r o t t l i n g  J e t  Nozzle and Its 
Experimental C h a r a c t e r i s t i c s  a t  F / F  - 
= 0.35. 

- 
1 nozzle 

F i g u r e  4 . 3 9 .  Models of J e t  Nozzles: a ,  
T h r o t t l i n g  Jet  Nozzle with S t e p w i s e  Cross- 
sec t ion ing  of S h u t t e r s ;  b, Ordinary J e t  Nozzle. 

I n v e s t i g a t i o n  o f  the 
e f f e c t  t h a t  t h e  d e f l e c t i n g  
screens  have on d i r e c t  noz- 
z l e  t h r u s t  with r e v e r s e r  
n o t  c u t - i n  revealed t h a t  
d i r e c t  t h r u s t  of t h e  nozzle /128 
with e x t e r n a l l y  c losed s c r e -  
en does n o t  change compared 
t o  t h e  thrust produced by 
nozzle  t h a t  has no screens .  

Reverser w i t h  Deflect ing 
Screens and T h r o t t l i n g  
Shut te rs  of a Bypass E n g i n e  

Two c y l i n d r i c a l  s h u t -  
t e r s  1 (Figure 4.40) r o t a t -  
i n g  on p ins  uncovered t h e  
screens  2 and locked e x i t  of 
the stream i n  the  s t r a i g h t -  
l i n e  d i r e c t i o n .  Streams 
from both passes  of  the  
engine a r e  d e f l e c t e d  by the  
s h u t t e r s  t o  streams t h a t  
d i r e c t  t h e  flow t o  t h e  op- 
p o s i t e  s i d e .  Some of the  
flow has d i r e c t  e x i t  through 
t h e  s l i t  between t h e  shut -  
ters .  The s l i t  area i s  
about 6% o f  t h e  j e t  nozzle  
area. When t h e  r e v e r s e r  i s  
n o t  c u t - i n ,  t h e  s h u t t e r s  
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area .  When the r e v e r s e r  i s  n o t  cu t - in ,  t h e  s h u t t e r s  c lose  over  t h e  screens and 
do n o t  block d i r e c t  e x i t i n g  of  the stream1. 

F i g u r e  4.40. Reverser w i t h  Deflecting Screens 
and Cylindrical  T h r o t t l i n g  Shut te rs  o f  a By- 
pass E n g i n e  and Its Experimental, Character is-  
t i c s  

f l e c t i n g  Screen. 

F4/FnoZzl  e = 0.06:  1 ,  S h u t t e r ;  2 ,  De- 

The through s e c t i o n s  
o f  the  r e v e r s e r  and gas con- 
sumption through it vary as 
a func t ion  of  the  s h u t t e r  
t i l t i n g  angle .  Rela t ive  
t h r u s t  and r e l a t i v e  consump- 
t i o n  and reverse  c o e f f i c i e n t  
and consumption coe f f i  c i  e n t  s 
as func t ions  of  the angle 
$I o f  s h u t t e r  r o t a t i o n  are 
shown i n  Figure 4.41. 

D i s t r i b u t i o n  of  t o t a l  
p r e s s u r e  along t h e  length 
of  t h e  d e f l e c t i n g  screeen 
i n  t h e  e x i t  c ross -sec t ion  
is  shown i n  Figure 4.42. 

Figure 4.43 presents  
d i s t r i b u t i o n  o f  p r e s s u r e  
along the s h u t t e r  i n  the  
form of  a func t ion  o f  t h e  

r a t i o  PIP, ,inlet (p = s t a t i c  pressure  a t  s h u t t e r  and pO,inlet = t o t a l  p ressure  

o f  stream i n  i n n e r  p a s s ) .  

t i a  

o f  
not  

When the s h u t t e r  r o t a t i o n  angle  0 = 30'-40°, we have a m a x i m u m  v a r i a t i o n  / I31  
i n  pressure .  
s h u t t e r  when t h e  j e t  nozzle  has been capped. 

The dashed l i n e  shows the d i s t r i b u t i o n  o f  p r e s s u r e  along t h e  
I n  t h i s  case p r e s s u r e  d i s t r i b u -  

I is more uniform. 

Reverser with nonsymmetrical discharge 

Conditions o f  engine placement on an a i r c r a f t ,  and a l s o  t h e  p o s s i b i l i t y  
n j e c t i o n  of  gas from t h e  reversers  i n  the  a i r  scoop o f  an engine o f t e n  do 
permit organiza t ion  of symmetrical gas discharge.  

Figure 4.44 shows the  scheme o f  a r e v e r s e r  with nonsymmetrical discharge.  
I n  the  case of  one-sided discharge o f  the gas through t h e  upper ( reverse)  con- /133 
nect ing p ipe  2 a t  a design angle 40°, v e r t i c a l  component o f  t h r u s t  i s  b u i l t  up, - 
and this can b e  compensated by gas discharge t o  t h e  oppos i te  s i d e  through the  
lower (def lec t ing)  connecting p ipe  with a design angle of  90". T h r o t t l i n g  of  
t h e  gas duct makes use o f  t h e  s h u t t e r s  1. Some of  t h e  gas is bypassed t o  t h e  

lDesign o f  r e v e r s e r  w a s  developed f o r  one of t h e  domestic engines produced by 
a group of  designers  lead  by N..D. Kuznetsov. 

__ 
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j e t  nozzle  v i a  the  gaps between the  s h u t t e r s  1 and the  cowling 4. I n  the  
d i r e c t  t h r u s t  regime t h e  s h u t t e r s  a r e  pos i t ioned  f l u s h ,  by means of  hydro- 
cy l inders  5,  wi th  the  wa l l s  of t h e  j e t  p ipe  and p a r t i t i o n e d  o f f  the connecting 
pipes  2 and 3 .  

PO, 

I 
.- 

I _  

. ~. 

. 

P _. 

- - - 
Figure 4 . 4 1 .  R r e l  , G r e l  , R r e v  a n d  crev 
as  Functions of t h e  Angle of Shu t t e r  
Rotation f o r  t h e  Reverser Shown i n  
Figure 4 .40 .  

kg/cm2 . .  

Figure 4.42.  D i s t r ibu t ion  of Total 
The r e l a t ive -ve r t i ca l  com- Pressure i n  Average Cross-section Along 

ponent of t h r u s t  R = / Screen L e n g t h  f o r  Exi t ing from t h e  Re- 

iRno z z 1 e 
f i c i e n t  were found as funct ions J e t  Nozzles; ----- , W i  thout Bypass i n g .  
of the  through cross-sec t ion  of 
the d e f l e c t i n g  connecting p ipe  f o r  
bypass areas  t h a t  amount t o  5 and 17% of  j e t  nozzle  a rea .  The experiment d a s  

verser  Shown i n  Figure 4 .40:  
w i  t h  Bypassing of Pa r t  of the Gas to  t h e  

ve r  Rver  
Y and the reverse  coef- 
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l imi t ed  t o  th ree  values  of t h e  de f l ec t iPg  connecting p ipe  a rea ,  15,  25 and 46% 
of  the  j e t  nozzle a rea .  This stemmed from the necess i ty  of  obtaining a satis- 
fac tory  reverse  coe f f i c i en t  a t  minimum Vertkcal t h r u s t  component. 
t h e  reverse  connecting p ipe  was s e l e c t e d  f o r  the l i s t e d  values of  the de f l ec t -  
i n g  connecting p ipe  a rea  t h a t  would ensure simultaneous consumption with the  
r eve r se r  cu t - in  o r  cut-out ,  t h a t  i s ,  Grev = 1. 

An a rea  of 

P/P~ i n t e rna l  
1.0 # 

Stream 
_3 

Points  of Pressure 
Measurement 

Figure 4.43.  
Shown i n  Figure 4 .40;  0 ,  0 = 0"; Direct  Thrust  Regime; r d ,  + = 10"; A ,  4 = 20"; 
0 ,  4 = 30"; 0, 4 = 40"; x ,  4 = 50"; Reverse Regime; ----- , Capped J e t  Nozzle. 

Curves of Pressure Di s t r ibu t ion  Along S h u t t e r  of t h e  Reverser 

With one-sided discharge and when F4 = 0.05, a reverse  c o e f f i c i e n t  E 

For F = 0.17, Rrev w a s  0.42 and Ever = 0.32. 

= 
r ev  

= 0.51 and a r e l a t i v e  v e r t i c a l  component o f  t h r u s t  E 
were a t t a i n e d ,  r e spec t ive ly .  

The reverse  coef f ic i .en t  can be determined from the r e s u l t i n g  curve when the re  
i s  a permissible  value of the r e l a t i v e  v e r t i c a l  t h r u s t  component. 

= 0.41 (Figure 4.45) ver  - 
4 

1 1 2  

I 



def 1 ect i ng 

F i g u r e  4 .44 .  Reverser w i t h  
Nonsymmetri cal Discharge: 
1 ,  S h u t t e r s ;  2 ,  Reverse 
Connecting P i p e ;  3 ,  Deflect-  
i n g  Connecting P i p e ;  4 ,  Cowl- 
i n g ;  5 ,  Hydrocylinder. 

F d e f l e c t .  
Fnozzl e 

and Ever as  Functions 

- - 
- 

rev F i g u r e  4 .45 .  
o f  t h e  Relat ive Area of t h e  Connecting 
P i p e  Deflecting t h e  Stream Downward ( F  
(Fdefl 'Fnozzle 
symmetrical Discharge When r ~ o z z l e  = 2 . 2 ;  

a ,  F4 = 0.05; b, F4 = 0.17. 

) f o r  a Reverser with Non- 

- 

Reversers Located Aft  of t h e  J e t  Nozzle Exit  Area 

Reverser w i t h  cy1 indr ica l  s h u t t e r s  

When t h e  r e v e r s e r  i s  i n  t h e  working p o s i t i o n ,  t h e  s h u t t e r s  1 (Figure 
4.46) d i r e c t  t h e  stream t o  the  oppos i te  s i d e ,  producing negat ive  t h r u s t .  
the  r e v e r s e r  cut-out ,  the , s h u t t e r s  a r e  r o t a t e d  on p i n s  2 ,  f i x e d  i n  the  h o r i -  
zontal  p o s i t i o n ,  a r e  extended beyond t h e  l i m i t s  o f  t h e  nozzle  3 , a n d  do not  
block d i r e c t  flow e x i t .  

With 

This scheme has been considered i n  d e t a i l  i n  §1 o f  t h i s  Chapter. 
s e c t i o n  we w i l l  p r e s e n t  d a t a  for a model d i f f e r i n g  from t h e  above-described i n  
a number o f  p a r t s ,  i n  p a r t i c u l a r ,  by the presence o f  bypass i n  t h e  s t r a i g h t -  
l i n e  d i r e c t i o n .  The change i n  b a s i c  d a t a  o f  t h e  r e v e r s e r  i s  shown i n  Figure 
4.47 as a funct ion of t h e  angle 9 o f  s h u t t e r  r o t a t i o n .  
t h r u s t  i s  equal t o  zero i s  approximately 28".  
t i o n  i s  changed, t h e  r e l a t i v e  gas consumption remains cons tan t  (Grev = l .O) ,  

I n  t h i s  

The angle a t  which t h e  
When t h e  angle  of-shut.ter r o t a -  

/134 

s i n c e  the minimum through s e c t i o n  of  the gas duct  i s  the e x i t  s e c t i o n  of the 
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j e t  nozzle .  This proper ty  of  r eve r se r s  loca ted  a f t  o f  t he  e x i t  s e c t i o n  of  the 
j e t  nozzle i s  t h e i r  advantage compared with r eve r se r s  loca ted  forward of i t  i n  
which the  e x i t  c ross -sec t ion  of  t he  engine i s  va r i ed  with change i n  t h e  angle 
by which the  t h r o t t l i n g  elements a r e  r o t a t e d .  

l ~ z ~ < r e ' y  
l,a 

I 0.8 ' 1 engine nace l l e  su r face  

The design of t h i s  r e -  1 

= 0.05: 1 ,  Cyl indrical  s e l a t i v e l y  high reverse  co- 
e f f i c i e n t  Rrev = 0 .74  i s  s 1 i t"nozz 1 e when F 

Flap; 2 ,  Axis o f  Shu t t e r  Rotat ion;  3 ,  J e t  

46 T- 

3- - 

Nozzle. obtained owing t o  the  f a c t  
t h a t  the  stream o f  gases 
e x i t s  a t  a r e l a t i v e l y  small  

stream e x i t  angle .  This scheme has been considered i n  more d e t a i l  i n  5 1  o f  
t h i s  chapter .  

.-+p%y I -  +.-j v e r s e r  (Figure 4.48) is  
charac te r ized  by the  f a c t  / !  

/135 

- - - 
F i g u r e  4.47. 
t ion(n~:nozz le  = 2.2) .  

R r e 1 9  rre19 RreY7 Grey as Functions o f  t h e  Ang le  o f  Shut te r  Rota- 
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Reverser w i t h  d e f l e c t i n g  screens and external  cy1 indr ica l  s h u t t e r s  

I n  t h e  working p o s i t i o n  o f  t h e  r e v e r s e r  (4.49) s h u t t e r s  1 a r e  loca ted  a f t  
o f  t h e  j e t  nozzle 2 and d i r e c t  s t ream t o  the  d e f l e c t i n g  screens 3 a t  a sub- 
tended angle of  120". 
p ins  a r e  f i x e d  h o r i z o n t a l l y  over  the  screens and toge ther  with them a r e  ex- 
tended beyond the  l i m i t s  of  t h e  j e t  nozzle .  
is 0.4.  

With t h e  reverser not  cu t - in ,  t h e  s h u t t e r s  t i l t i n g  on 

The reverse c o e f f i c i e n t  a t t a i n e d  

Axis of 
rRotat i on 

Reverser w i t h  annular  
d e f l e c t i n g  screen and 
in te rna l  cy1 indr ica l  
shu t t e r s  

I n  t h r u s t  r e v e r s a l ,  
s h u t t e r s  1 (Figure 4.50) 
loca ted  a f t  o f  the j e t  
rLozzle 2 d i r e c t  t h e  flow 
t o  the annular screen 3 .  
With the  r e v e r s e r  n o t  cut-  
i n ,  t h e  s h u t t e r s  a r e  f i x e d  
i n  t h e  h o r i z o n t a l  p o s i t i o n  

e c t  e x i t  o f  t h e  stream. 

s h u t t e r s  occupies a pos i -  
t i o n  i n  which i t  does n o t  
have an e f f e c t  on t h e  j e t  
nozzle  parameters.  The 
reverse  c o e f f i c i e n t  achiev- 
ed i s  0 .51 .  

Figure 4 . 4 8 .  Reverser w i t h  Shut te rs  Com- 
p r i s i n g  P a r t  of the  E n g i n e  Nacelle Surface,  
and Its Experimental C h a r a c t e r i s t i c s :  1 ,  and do n o t  block the  d i r -  
S h u t t e r s ;  2 ,  E n g i n e  Nacel le ;  3 ,  T i l t i n g  
Flaps. The screen connected t o  the 

S4. Reverser w i t h  Deflect- 
i n g  Screens and Throt- 
t l  i n g  T i  1 t i n g  Vanes no z 

I 

The r e v e r s e r  c o n s i s t s  
o f  e x t e n s i b l e  sc reens  o f  
the  a c t i v e  p r o f i l e  type 

F i g u r e  4.49. Reverser w i t h  Deflect ing occupying two windows sym- 
Screens and External Cy1 indr ica l  S h u t t e r s  m e t r i c a l l y  over a 120" 
and I t s  Experimental C h a r a c t e r i s t i c s :  1 ,  angle spread and two stream 
S h u t t e r s ;  2 ,  J e t  Nozzle; 3 ,  Screen. t h r o t t l i n g  ti 1 t i n g  vanes 

both loca ted  i n  t h e  j e t  
p i p e  o f  t h e  engine (Figure 

4 .51) .  
thickness  10%. I n  the  d i r e c t  t h r u s t  regime t h e  vanes a r e  loca ted  along t h e  
stream. Experimental s t u d i e s  have shown t h a t  minimum t h r u s t  losses  i n  t h e  

The vanes a r e  made i n  t h e  form o f  symmetrical p r o f i l e s  with r e l a t i v e  
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nozzle  are obtained f o r  the case when +e t r a i l i n g  edges of  t h e  vanes are s o  
al igned t h a t  between them a s l i g h t l y  c o h s t r i c t e d  channel i s  formed (a = 4". 
Thrust losses  h e r e  amount t o  4-4.5% o f  the t h r u s t  o f  t h e  i d e a l  nozzle ,  t h a t  i s ,  
t h e  nozzle  without  t o t a l  p ressure  l o s s e s .  When t h e  reverser i s  cu t - in ,  t h e  
vanes are d e f l e c t e d  and d i r e c t  the gas stream toward t h e  screens .  I n  t h i s  case 
t h e  c r i t i c a l  s e c t i o n  for the  nozzle a r e  those running across  the  t r a i l i n g  edges /138 
of  the  vanes and t h e  beginning o f  the  d e f l e c t i n g  screens .  

- 

Figure 4.50. Reverser with Annular Deflect ing 
Screen and Internal  Cyl indrical  Shut te rs  and 
I t s  Experimental C h a r a c t e r i s t i c s :  1 , S h u t t e r s ;  
2 ,  J e t  Nozzle; 3 ,  Screen. 

when the  vanes were r o t a t e d  by an angle  of  40-42". 
the  t i l t i n g  vanes l e d  t o  a reduct ion i n  the  t i l t i n g  
t i o n  c o e f f i c i e n t  G = 1.0. r e v  

c -c - C 
r- 

The reverse  c o e f f i  
c i e n t  and t h e  consumption 
c o e f f i c i e n t  as funct ions of  
t h e  e x t e n t  o f  p r e s s u r e  re- 
duction for d i f f e r e n t  
angles of  t h r o t t l i n g  vane 
t i l t i n g  and f o r  f u l l y  ex- 
tended d e f l e c t i n g  screens 
a r e  shown i n  Figure 4.52. 
For  small  angles of  t h e  
t h r o t t l i n g  vanes CY < 20°, 
t h e  t h r u s t  remains posi t ive,  
b u t  t h e  a i r  consumption i s  
increased  by 20-30%. 

I n  order  t h a t  t h e  con- 
sumption of  air through 
t h e  engine remain unchanged, 
i t  is  necessary t h a t  t h e  
ex ten t ion  o f  screens i n t o  
t h e  working p o s i t i o n  be /139 
coordinated with vane tilt- 
i n g .  I n  t h e  model t e s t e d  
- the  consumption c o e f f i c i e n t  

= 1.0  w a s  a t t a i n e d  Grev  
An increase  i n  t h e  chord of 
angle at  which the  consump- 

Figure 4.51 
Expe r i menta 
Reverser w i 
Screens and 
Vanes. 

. Scheme o f  
1 Model of  a 
t h  Deflecting 
T h r o t t l i n g  
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1.0 iozzl e 

Figure 4 .52 .  Reverse Coeff ic ien t  and Consumption Coeff ic ien t  as Functions of 
t h e  Extent of Pressure Reduction f o r  Di f fe ren t  Angles o f  Rotation c1 of t h e  
Thro t t l ing  Vanes, = 3 6 " .  T h e  So l  i d  L i n e s  Correspond t o  a Reverse Co- 

e f f i  c i  e n  t TT 
Bs c reen 

and t h e  Dashed Lines Correspond to  t h e  Consumption Coeff ic ien t  rev '  - 
,no; O-Ea. -?p ;  c.--l 300; c - - a - ~ n O ;  ~ - - a - 5 6 ~  rev : @ - u  

The e f f e c t  o f  d e f l e c t i n g  screen  length  on reverse  c o e f f i c i e n t  wi th  con- 
sumption c o e f f i c i e n t  remaining unchanged = 1.0  and f o r  d i f f e r e n t  degrees 

of pressure  reduct ion is  shown i n  Figure 4 . 5 3 .  

increase  i n  screen length  above a c e r t a i n  value s t i l l  does not  b r i n g  about a 
r ise i n  reverse  c o e f f i c i e n t .  This evidences t h a t  p a r t  o f  t h e  screen  channels 
l i e  i n  t h e  zone of  s e p a r a t i o n  induced a f t  o f  the  t h r o t t l i n g  vanes, and these  
channels are n o t  opera t ive .  As t h e  ex ten t  o f  pressure  reduct ion becomes 
g r e a t e r ,  the  flow r a t e  a t  t h e  i n l e t  t o  the  screens r ise ,  the screen  r e s i s t a n c e  
i n c r e a s e s ,  t h e  stream wi th in  the  j e t  nozzle  begins t o  b e  p a r t i a l l y  d e f l e c t e d  
toward the  s i d e  of t h e  nozzle a x i s ,  f i l l i n g  t h e  e n t i r e  in te rvane  channels of 
t h e  screen .  With f u r t h e r  i n c r e a s e  i n  n* d e f l e c t i o n  of t h e  s t ream leads 

t o  a s i t u a t i o n  i n  which an ever  increas ing  f r a c t i o n  o f  consumption begins t o  

rev 
< 1.6 ,  an When %ozzle - 

nozzle  
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escape n o t  through t h e  d e f l e c t i n g  screens ,  b u t  through t h e  j e t  nozzle .  
f o r e ,  t h e  reverse  c o e f f i c i e n t  i s  reduced with an i n c r e a s e  i n  t h e  e x t e n t  of 
pressure  reduct ion.  

There 

Figure 4.54 compares the  values 
of  reverse c o e f f i c i e n t s  obtained 
f o r  d i f f e r e n t  d e f l e c t i n g  screens .  
These screens  d i f f e r e d  i n  the shape 
of the  p r o f i l e  and i n  the design 

t o  36" and 30". The dens i ty  of  t h e  
screens  d i f f e r e d  b u t  s l i g h t l y  and 
amounted t o  c / t  = 1.5  and 1.54, 

o f  the  screens ,  equal 'screen 

r e s p e c t i v e l y .  When screens with 
l a r g e  design angle were used w i t h  

Figure 4.53.  Reverse Coeff ic ien t  as t h e  same consumption c o e f f i c i e n t ,  
Function of Screen Length f o r  Di f fe r -  appreciably g r e a t e r  values of  the  
ent Degrees o f  Pressure Reduction and reverse  c o e f f i c i e n t  were obtained.  
f o r  the Consumption Coeff ic ien t  This  was accounted f o r  by the  fact  
- t h a t  the r a t i o  between consumption G r e v  = 1 .o. 

through t h e  screens  and t h e  nozzle 
when the  screens  were used d i f f e r s .  

Large consumption through the  screens with simultaneous reduct ion i n  gas pas-  
sage through the nozzle  provides ,  when Bscreen = 36", a l a r g e r  r e v e r s e  coef- 

f i c i e n t  than when Bscreen = 30", i n s p i t e  of  an i n c r e a s e  i n  t h e  angle of i n -  

c l i n a t i o n  of t h e  reverse  stream t o  the  engine a x i s  i n  t h e  f i r s t  case.  

Figure 4.54. Reverse Coeff ic ien t  as a 
Function of  Extent of Pressure Reduction 
f o r  Di f fe ren t  Screen Densi t ies  c / t  and f o r  
t h e  Consumption Coeff ic ien t  G r e v  = 1.0.  

T h e  Sol id  L i n e s  correspond to  Screens w i t h  
a Des ign  A n g l e  BScreen  = 3 6 " ,  and t h e  

Dashed L i  nes , BScreen = 30". 

The e f f e c t  o f  screen /140 
dens i ty  on t h e  reverse  coef- 
f i c i e n t  fox screens with de- 

= 36" sign e x i t  angle B 

i s  shown i n  Figure 4.54. A 
20% reduct ion i n  screen  den- 
s i t y  with screen  length  un- 
changed l e d  t o  an appreciable  
rise i n  t h e  reverse  c o e f f i -  
c i e n t  when T* > 1.6 .  nozzle 
S imi la r  r e s u l t s  are obtained 
a l s o  f o r  a screen  with a de- 

screen s i g n  angle B 

i n v e s t i g a t i o n  showed t h a t  f o r  
t h i s  scheme o f  r e v e r s e r  t h e  
dens i ty  of  t h e  d e f l e c t i n g  
screens  m u s t  b e  s e l e c t e d  f o r  

sc reen  

= 30". The 
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t h e  chosen engine performance regime, s i n c e  t h e  e f f e c t  o f  the c / t  on reverse 
c o e f f i c i e n t  v a r i e s  with change i n  t h e  extent  of  pressure  reduct ion.  

= 2.0 ,  t h i s  scheme of  t h e  r e v e r s e r  can provide a reverse When " iozz le  
c o e f f i c i e n t  wi th in  the  l i m i t s  o f  0.4-0.5. 

55. Development o f  a Reverser Based on Experimental Test Data 

We w i l l  i l lus t ra te  a method of c a l c u l a t i o n  e a r l i e r  presented i n  5 1  o f  
Chapter I1 by the example of  using a reverser with connecting p ipes  and t h r o t -  
t l i n g  s h u t t e r s .  

The r e v e r s e r  (Figure 4.55) cons is t s  o f  f o u r  connecting pipes  covered i n  
t h e  nonworking p o s i t i o n  with t i l t i n g  s h u t t e r s .  
the  s h u t t e r s  t h r o t t l e  the  gas duct of  t h e  engine and d i r e c t  t h e  flow t o  t h e  
connecting p ipes .  
a rea  r a t i o  of  about 1 .7 .  

When t h e  r e v e r s e r  is  cu t - in ,  

The connecting pipes  c o n s i s t  o f  contracted channels with an /142  

In  t h e  c a l c u l a t i o n  of tFie or i 'g inal  v a r i a n t  the  following d a t a  were adopt- 
ed;  reverse  coef f ic ien t - -0 .3 ,  e x t e n t  of  pressure  reduction--2.01, r a t i o  of 
consumption through connecting pipes  i n  terms of o v e r - a l l  consumption--k = 
= 0 .  68. The minimum diameter D of t h e  ends of  the t h r o t t l i n g  s h u t t e r s  ( for  
the model) w a s  58 mm. 

Tests  of  t h e  o r i g i n a l  v a r i a n t  (model No. 1) revealed t h a t  the r e v e r s e r  
does not  provide e i t h e r  the  d e s i r e d  reverse c o e f f i c i e n t  nor  the consumption 
c o e f f i c i e n t  equal t o  u n i t y .  When the  s h u t t e r s  a r e  i n  the design p o s i t i o n ,  t h e  
reverse  c o e f f i c i e n t  i s  about 0 . 2  f o r  a consumption c o e f f i c i e n t  equal t o  approx- 
imately 0 . 9 .  When there  i s  complete consumption through the  model ( D  = 83 mm) 
no negat ive t h r u s t  i s  produced, s i n c e  even a t  D zz 75 mm the t h r u s t  i s  zero.  
Additional t h r o t t l i n g  of  t h e  gas duct when the  s h u t t e r s  a r e  i n  t h e  maximum 
p o s i t i o n  (D M 51 mm) cannot be viewed as  a measure t h a t  ensures higher  r e -  

verse  c o e f f i c i e n t .  A t e s t  w a s  made i n  which the  e f f e c t  o f  d i r e c t  t h r u s t  was 
el iminated.  To do t h i s ,  the  nozzle  was covered with an end cap. Reduction of  
d i r e c t  t h r u s t  down t o  zero n a t u r a l l y  w i l l  l ead  t o  a r i s e  i n  the reverse  - coef- 
f i c i e n t ,  however, the  consumption c o e f f i c i e n t  i s  made s t i l l  lower: Rrev = 0 . 4 3 ,  

max 

- 
Grev = 0.625, p 

through the  connecting p ipes  : 
= 0.810 (n;Zozzle = 2.01) .  Here u 2  = consumption c o e f f i c i e n t  2 

Po , i n l e t  
qCAidea l ,2)F2 '  

= 0.3965 ~ 

- G2 
' G i d e a l , 2  4- P 2  - - 

G i d e a l ,  2 

Resul ts  o f  measuring the s t ream e x i t  angle by using a dummy t a r g e t  gonio- 

We note  only t h a t  the  stream e x i t  angle averaged 
meter a t  one of  t h e  connecting pipes  i n  s e v e r a l  cross-sect ions a r e  given i n  
d e t a i l  below (SZ, Chapter V ) .  
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over  t h e  e n t i r e  connecting p ipe  c ross -sec t ion  proved t o  be about 1’ g r e a t e r  
than t h e  angle of vane i n c l i n a t i o n  at t h e  e x i t .  
sumption through t h e  connecting pipes  W i t h  nozzle  capped were used, it w a s  
found p o s s i b l e  t o  es t imate  t h e  t o t a l  p r e s s u r e  recovery c o e f f i c i e n t  . in t h e  con- 
nec t ing  p i p e s .  By knowing t h e  ca lcu la ted  e x t e n t  o f  p r e s s u r e  reduct ion and as- 
suming t h a t  t h e  s t a t i c  pressure  a t  t h e  e x i t  from t h e  connecting p ipes  is equal 
t o  t h e  s t a t i c  ambient pressure ,  w e  ge t  f o r  n* nozzle  

When r e s u l t s  of  measuring con- 

= 2.01 o2 = 0.805l.  

C h a r a c t e r i s t i c s  of  t h e  nozzle when t h r o t t l i n g  s h u t t e r s  were i n s t a l l e d  i n  
it were obtained v i a  weighing tests wi th  connecting p ipes  capped (Figure 4.56) .  /143 
We can s e e  t h a t  t h e  c o e f f i c i e n t  o f  t o t a l  p r e s s u r e  recovery of t h e  valve is t h e  
smaller, the more t h e  s h u t t e r s  t h r o t t l e  t h e  gas duct .  

Analysis of t h e  r e s u l t s  showed t h a t  t h e  t o t a l  o f  consumption through t h e  
connecting pipes  and t h e  nozzle  determined i n  s e p a r a t e  t e s t s  d i d  not  equal t h e  
consumption through the  model. This shows t h a t  t h e  c h a r a c t e r i s t i c s  ‘obtained 
i n  these  s e p a r a t e  tests m u s t  be  viewed as approximate. 
of t h e  def l -ect ing connecting pipes  and t h e  nozz le  i n  which t h r o t t l i n g  s h u t t e r s  
were i n s t a l l e d  could b e  determined i f  i t  were p o s s i b l e  t o  simultaneously,  b u t  
s e p a r a t e l y  weigh t h e  d e f l e c t i n g  connecting p ipes  and t h e  nozzle .  To do t h i s  /144 
would requi re  complicating tke weighing s e c t i o n  of t h e  s t a n d  and t h e  experi-  
mental models. 
appears p o s s i b l e  t o  car ry  out  prel iminary c a l c u l a t i o n s  of  the  r e v e r s e r  (Figure 
4.57) * 

Precise c h a r a c t e r i s t i c s .  

- 

Nonetheless,  with such approximate d a t a  a v a i l a b l e  t o  us , i t  

The c o e f f i c i e n t  of  t o t a l  p r e s s u r e  recovery i n  t h e  connecting pipes  m u s t  
i n  general ,  depend on the p o s i t i o n  occupied by t h e  s h u t t e r s .  I t  is  obvious 
t h a t  when t h e  s h u t t e r s  are used t o  block o u t  t h e  i n l e t  s e c t i o n  of the connect- 
i n g  pipes  the  values of  o must b e  reduced. I t  can b e  assumed t h a t  i n  some 

range o f  change i n  s h u t t e r  p o s i t i o n  around t h e  l i m i t i n g  p o s i t i o n  t h e  value o f  
o w i l l  no t  vary appreciably.  I n  t h e  c a l c u l a t i o n  o was taken as equal t o  

0 .80 .  The i n t e r s e c t i o n  of  t h e  l i n e s  of the  requi red  and the  a v a i l a b l e  values 

2 

2 2 

- of k determined t h e  sought-for  ca lcu la ted  diameters of  t h e  s h u t t e r  end Dcalc - 

=56.6 mm and t h e  f r a c t i o n  of  the o v e r - a l l  consumption t h a t  m u s t  b e  d i r e c t e d  t o  
t h e  d e f l e c t i n g  device,  k = 0.722.  sc reen  

The values of a 2  a r e  e a s i l y  ca lcu la ted  from t h e  r a t i o  a2q(X2) = u2q 

obtained from the  expression f o r  consumption expressed i n  terms of  (‘ideal 2)’  
o2 and q(X2). 
range 11 = 0 .8 -1 .0  a r e  numerically almost equal .  

valiies o f  o2 from t h e  funct ion y ( c f .  Formula (3.2) on p . 6 0  ) . 

We noted t h a t  t h e  values of  u 2  and u 2  when n;20zzle = 2.0 i n  t h e  

We can a l s o  obta in  t h e  2 
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F i g u r e  4 . 5 5 .  S k e t c h  of Original Variant 
of  t h e  Reverser (Model 1 ) .  

Figure 4.57 a l s o  presents  
the ord ina tes  D o f  t h e  maxi- 

req 
m u m  s h u t t e r  p o s i t i o n  when they 
r e s t  on each o t h e r  and D obtain-  

ed from i n t e r s e c t i o n  of the  l i n e s  
of  the a v a i l a b l e  and the  required 
k values when Erev = 0.  

0 

We can d i f f e r e n t i a t e  f o u r  
11. D < 

I -  < Dreq; r e q  
regions : 

* 111. D < D < 
< < D a v a i l a b l e J  req 
< Do;  I V .  Do < D .  

I n  region I i t  is  impossible /145 
t o  b u i l d  the r e v e r s e r  because of  
design cons idera t ions .  In  region 
11, when u = 0 . 8  h igher  reverse  

c o e f f i c i e n t  values can be obtain-  
ed s i n c e  a l a r g e r  consumption 
can pass  through t h e  connecting 
p i p e s  than is requi red  t o  obta in  

= 0.30. I n  region I11 t h e  Rrev 
des i red  reverse  c o e f f i c i e n t  can- 
not  b e  provided, s i n c e  the  r e -  
qu i red  consumption is  g r e a t e r  
than t h e  a v a i l a b l e ,  however, i n  
t h i s  region o f  s h u t t e r  p o s i t i o n s  
a r e v e r s e r  can b e  b u i l t  with a 
reverse  c o e f f i c i e n t  less than 
0 .30 .  To the  r i g h t  of  t h e  ord i -  
n a t e  D ( region IV) t h e  r e v e r s e r  

cannot be b u i l t .  When D > D 

p o s i t i v e  t h r u s t  i s  i n  f a c t  pro- 
duced. 

2 

- 

0 

0 ’  

As c a l c u l a t i o n s  showed, t h e  
h ighes t  reverse  c o e f f i c i e n t  f o r  
maximum s h u t t e r  p o s i t i o n i n g  and 
when o2 = 1 cannot exceed values 

of  about 0 .5 .  I t  i s  c l e a r  from 
t h e  graph t h a t  when t h e  coef- 
f i c i e n t  of  t o t a l  p r e s s u r e  
recovery i n  the connecting pipes  

is reduced, t h e  d e s i r e d  reverse  c o e f f i c i e n t  i s  ensured with lower consumption 
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through t h e  nozzle .  I n t o  s e c t i o n  of  the o r d i n a t e  D with the  curve of t h e  

a v a i l a b l e  value k determines t h e  l i n e  of minimum u a t  which i t  is s t i l l  pos- 
s i b l e  t o  b u i l d  a r e v e r s e r  with = 0.30. I n  t h i s  scheme, f o r  t h e  i n d i c a t e d  

reverse  c o e f f i c i e n t  0 must n o t  b e  less than 0.67. Thus, the  range A o f  pos- 

s i b l e  v a r i a t i o n  i n  diameter D f o r  a given reverse  c o e f f i c i e n t ,  shown i n  Figure 
4.57, c o n s t i t u t e s  a f a i r l y  narrow region.  

m ax 

2 

rev  

2 

Figure 4.56. Total Pressure Recovery E 
Coeff ic ien t  i n  t h e  Nozzle of Model No. 1 
as a Function of Extent o f  Pressure Re- 
d u c t i o n ,  When T h r o t t l i n g  Shut te rs  were 
Instal  l e d  i n  the  Nozzle and When the Co- 
e f f i c i e n t  1 -- was a s  Follows: kavai l a b l e  

F i n a l l y ,  we g e t  

Let us determine t h e  e x i t  
a r e a  o f  the connecting pipes  

Here G; = (G2/~0,inlet  ) /To-- 

reduced consumption through t h e  
d e f l e c t i n g  connecting pipes  

G = k  G; kscreen,,nozzle screen 

Gno zz le  

PO , i n l e t  
J To, 

The reduced consumpti on through 
the nozzle  

- 
Grlo z z l  e - ' 3965pnozz1eq ( A i d e a l  

= c o e f f i c i e n t  of where 'nozzle 
consumption through t h e  nozzle 
determined when the  l a t t e r  w a s  
t e s t e d  ( ~ - l ~ ~ ~ ~ ~ ~  = 0.956 when 

- - - 
7r* nozzle  - 2-01) ;  Fnozzle 

c r i t i ca l  a rea  of  t h e  nozzle  i n  
t h e  model, Fnozzle = 116.5 an2. 
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Here Fo = 87.5 c m 2  --the e x i t  a r e a  of  t h e  connecting pipes  i n  t h e  o r i g i n a l  

v a r i a n t  of  the  model. Thus, based on an approximate c a l c u l a t i o n ,  t o  a t t a i n  
t h e  requi red  reverse c o e f f i c i e n t  t h e  e x i t  a r e a  o f  t h e  connecting pipes  m u s t  b e  
increased  by 1 .17  times. The r e s u l t i n g  value o f  t h e  e x i t  area of t h e  connect- 
i n g  p ipes  i s  less than t h e  i n l e t  c ross -sec t iona l  a rea .  With t h e  e x i s t i n g  i n -  
l e t  preserved and, consequently,  with unchanged s t a t u s  o f  e x i s t i n g  t h r o t t l i n g  
s h u t t e r s ,  i t  is  s t i l l  p o s s i b l e  t o  b u i l d  a c o n s t r i c t e d  channel with an area 
r a t i o  o f  about 1 . 3  (Model No. 2 ) .  

/146 2 

\ 

Figure 4 .57 .  
i n g  Pipes and 

* 1  kavai l a b l e '  

= 0 . 8 ;  D = max 

- . .. i 

\ k  

. .  

. .  

, 0,5 - -  

80 

Calculated-Theoreti  cal  S t u d y  of Reverser Incorporating Connec 
T h r o t t l i n g  Shut te rs  (n;ozzle = 2.01):  o ,  Experimental Points  

' krequ i red  fo r  Rrev = O.3O; 2 ,  k requ i r ed  for  Erev = 0 When o2 

Diameter o f  Ends of Shut te rs  Corresponding t o  T h e i r  L i m i t i n g  

- 

= Calculated Diameter of Shut te r  E n d ;  Do = Diameter of E n d s  Deal c Pos i t ion ; 

of  Shut te rs  Corresponding t o  Zero Thrust f o r  a2 = 0 . 8 ;  A = Range of Possible  
S h u t t e r  P o s i t i o n s .  

The meridional c ross -sec t ion  of  the  connecting pipes  was kept  as b e f o r e .  
An i n c r e a s e  i n  t h e  a r e a  w a s  a t t a i n e d  by using connecting p ipes  with wal ls  
turned p a r a l l e l  t o  t h e i r  ax is  and with some displacement i n  t h e  o u t e r  wal l s  of  
t h e  upper and Power connecting p ipes  i n  order  t o  i n c r e a s e  the through-passage 

and t h e  ca lcu la ted  s h u t t e r  p o s i t i o n ,  a reverse  c o e f f i c i e n t  was a t t a i n e d  t h a t  
was c lose  t o  t h e  requi red  va lues ,  however the  consumption c o e f f i c i e n t  was n o t  
equal t o  uni ty  (Erev = 0 .28 ,  Grev = 0.91).  This i n d i c a t e s  t h a t  the  e f f e c t i v e  

throughput area of  the connecting p ipes  proved t o  be inadequate.  

c ross -sec t ion .  The t h r o t t l i n g  device remains unchanged. With nGozzle = 2.01 

Thus, t h e  method o f  c a l c u l a t i o n  based on an independent determination of  
the  c h a r a c t e r i s t i c s  of the d e f l e c t i n g  connecting pipes  and the nozzle  incorp- 
o r a t i n g  t h r o t t l i n g  s h u t t e r s  gives  only a f i rs t  approximation. Applicat ion of  
t h i s  method can be usefu l  i n  the  i n i t i a l  o r i e n t a t i o n  c a l c u l a t i o n  o f  a reverser .  
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0,600 

447s- 

a f t  o f  t h e  t h r o t t l i n g  s h u t t e r s .  

s u r e  f i e l d  a t  t h e  e x i t  from t h e  
p i p e  were measured i n  two mutually 

. By means o f  combs t h e  t o t a l  p res -  

0.60 

i n  t h e  Nozzle When T h r o t t l i n g  Shut te rs  
Were I n s t a l l e d  i n  i t ,  a s  Functions of 
t h e  M i n i m u m  Diameter o f  the  S h u t t e r  End 

Based on the consbtion through 

Grev - t h e  connecting p ipes  G 2  = 

(T;: - 2.01) .  Model No. 1:A.First - G1 the  values  o f  the  consumption 

Test; A ,  Second Test; e, Model No. 2 c o e f f i c i e n t  p ~ we re cal cul  a t e d  , 
nozzle 

L 

and from them the  c o e f f i c i e n t s  of 
t o t a l  v r e s s u r e  recovery i n  the de- 

1 ,  Model No. 1 :  2 ,  Model No. 2; Results 
o f  Calculat ion of o l :  +, Tests of 

Nozzle W i t h  Connecting P i p e s  Capped; f l e c t i k g  devices a2 (Figure 4.58) .  

of p 2  (a ) proved t o  b e  less than 

m, Based on Tests Made of  Model No- 1 ;  showed that the values +, Based on Tests Made of Model NO. 2. 
2 

t h e  values  determined from t h e  
measured consumption through t h e  

connecting pipes  with t h e  nozzle capped. 
o f  t h e  s h u t t e r s  t h e  c o e f f i c i e n t  of  t o t a l  p r e s s u r e  recovery i s  markedly de- 
creased. 

I n  addi t ion ,  with increas ing  c losvre  

Using the  r e s u l t i n g  funct ions o f  a and a l s o  the  d a t a  on t h e  consumption 

through t h e  d e f l e c t i n g  device and t h e  nozzle ,  the  values  of  t h e  c o e f f i c i e n t  o f  
t o t a l  p ressure  recovery i n  t h e  nozzle when t h r o t t l i n g  elements were i n s t a l l e d  
t h e r e i n  were determined. 

formula obtained from formula (2.10) on t e x t  page 46. Refined values of  a 

were lower than those on which the  c a l c u l a t i o n  was made i n  designing Model No. 
2 .  The s u b s t a n t i a l  decrease i n  t h e  c o e f f i c i e n t  o f  t o t a l  p r e s s u r e  recovery i n  
t h e  nozzle  (3 

2' 

The ca lcu la t ions  of  al  were made according t o  t h e  

1 

compared with the  i n i t i a l  c a l c u l a t e d  values accounted for by 1 
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D  ALA^ I - -  O r i g i n a l  Data i .~ I,,,,,,,,,,.[ 55.5 
For Model No. 2 ,  59 

In  designing a l a r g e r  value o f  F2  was adopted. 

A ske tch  o f  the  housing o f  Model No. 3 with connecting p ipes  is  shown i n  
Figure 4 .59 .  
a t  the  i n l e t  t o  the connecting pipes  were considerably enlarged.  
t l i n g  s h u t t e r s  were r e t a i n e d  unchanged. 

To ob ta in  the  requi red  throughput c ross -sec t iona l  a rea  the  a reas  
The t h r o t -  

8 -B 

Fa c x *  
_._____ 

109.5 
112.5 

Hous i ng  w i  t h  
i p e s  of  
a n d  Sketch of Vanes.  
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The r e s u l t i n g  reverse c o e f f i c i e n t  i s  c lose  t o  t h e  ca lcu la ted  value,  b u t  /148 
t h e  consumption c o e f f i c i e n t  d i f f e r s  from uni ty  by approximately 2% 
4.60).  
and consumption, these  values can be recorded as s a t i s f a c t o r y .  

(Figure 
- 

Taking account of t h e  p r e c i s i o n  of  measurement i n  t h r u s t  arrangement 

60 70 80 DYM 

Figure 4.60. Reverse Coeff ic ien t  and 
Consumption Coeff ic ien t  as Functions of  
t h e  M i n i m u m  Diameter of  S h u t t e r  E n d s  f o r  
a Calculated Extent of Pressure Reduction 
(Model No. 3 ) .  

Thus, t h e  method se t  
f o r t h  i n  5 1  of Chapter I1 can 
b e  used i n  analyzing reversers  
and i n  making p r a c t i c a l  cal- 
c u l a t i o n s .  Generalized d a t a  
given i n  56 of  t h i s  chapter  
can a l s o  b e  employed f o r  t h i s  
purpose.  

These s t u d i e s  a l s o  showed 
chat when b u i l d i n g  a r e v e r s e r  
o f  a given scheme the required 
revers  e coe f f i c i e n t  cannot b e 
ensured with the i n l e t  areas  
i n t o  the  connecting pipes  r e -  
maining unchanged, t h a t  i s ,  
the  s h u t t e r  a reas .  Enlargement /149 
of  t h e  s h u t t e r  sur faces  is  ex- 
pressed  i n  a r e d i s t r i b u t i o n  o f  
cons ump ti on b e tween de f 1 e c t  i n g  
connecting pipes  and t h e  j e t  
nozzle  and i n  changed coef- 
f i c i e n t  o f  t o t a l  p r e s s u r e  r e -  

covery i n  the  nozzle  and, n a t u r a l l y ,  e n t a i l s  reexamination o f  the- design 
developed. 

S6. Generalized Data on Reversers 

Data on t h e  c o e f f i c i e n t  o f  t o t a l  p ressure  recovery i n  t h e  d e f l e c t i n g  
elements of r e v e r s e r s  obtained as a r e su l t  o f  d i r e c t  measurement of  t o t a l  pres- 
s u r e  a r e  n o t  numerous owing t o  the  laboriousness  

I t  i s  easy t o  compare reversers  i n  which the  e n t i r e  consumption w a s  used 
I n  t h i s  case d i r e c t - l i n e  t h r u s t  produced by by- 

of  making such measurements. 

t o  b u i l d  up negat ive t h r u s t .  
passage of some of the  gas i n t o  t h e  j e t  nozzle  does n o t  show up. 

Figure 4.61 shows p l o t s  o f  ca lcu la ted  curves o f  the  reverse  c o e f f i c i e n t  
as funct ions of t h e  stream angle a t  t h e  e x i t  from t h e  r e v e r s e r  f o r  d i f f e r e n t  
c o e f f i c i e n t s  of  t o t a l  p ressure  recovery i n  t h e  d e f l e c t i n g  elements. 
t i o n  was made f o r  riozzle = 2 . 0  based on formula (2.8)  i n  t e x t  page 46 with 

Calcula- 

- 
= 0.99 .  This i s  a Pozzle value t h a t  i s  close t o  the  

R s D e  c i  f i c nozzle t h r u s t  
ca lcu la ted  f o r  t u r b o j e t  engines a t  v e l o c i t i e s  corresponding t o  landing of  an 
a i r c r a f t .  The f i g u r e  gives  p l o t s  o f  experimental  d a t a  o f  the authors  and - /150 

126 



d a t a  a v a i l a b l e  from t h e  l i t e r a t u r e  f o r  r eve r se r s  l oca t ed  forward of t he  e x i t  
a r e a  o f  the j e t  nozz le  and a f t  o f  i t .  

F i g u r e  4.61. Reverse Coeff ic ien t  as 
a Function of the Ef fec t ive  A n g l e  of 
Stream Exit  from the Reverser o r  as a 
Function of t h e  Des ign  A n g l e  of S h u t -  
ter  o r  Flap Inc l ina t ion  f o r  Di f fe ren t  
Values of t h e  Coe f f i c i en t  of Total 

nozzle 
= 2 . 0 ) .  The Reversers Posit ioned 
Forward of t h e  Exit Area of t h e  J e t  
Nozzle a r e  Explained as Follows: 

A ,  W i t h  d e f l e c t i n g  screens made of 
p r o f i l e d  vanes and t h r o t t l i n g  diaph- 
ragm ( c f .  Figure 2 . 6 ) ;  0 ,  Nozzles i n -  
corpora t ing  a central  body, Scheme I ,  
Variant 1 ,  w i th  screens  made of l ea f -  
wise p r o f i l e s  ( c f .  Figure 4 . 1 2 ) ;  e, 
as  above, Scheme I ,  Variant 2 wi th  
screens made of p r o f i l e d  vanes f o r  2 
% 1 ;  r d ,  Scheme A w i t h  screens made 
of leafwise p r o f i l e s  ( c f .  Figure 4.16) 
based on da ta  of t h e  repor t  1371; ., 
t h e  same Scheme, incorporating screens 
made of p r o f i l e d  vanes based on the 

same da ta ;  (7, incorporating screens and external cy1 ind r i ca l  s h u t t e r s  ( c f .  
Figure 4 . 4 9 ) ;  17, w i t h  sc reens  and internal  cy l ind r i ca l  s h u t t e r s  ( c f .  Figure 
4 . 5 0 ) ;  8 ,  Scheme E incorporating screens made of leafwise p r o f i l e s  ( c f .  Figure 
4.16);based on data f u l l - s c a l e  t e s t s  [ 2 5 ] ;  @ ,  as  above, based on data of f u l l -  
s c a l e  t e s t s  [22,  441.  
j e t  nozzle a r e  explained as follows: +, incorporating cy1 ind r i ca l  s h u t t e r s  
( c f .  F i g u r e  4 . 1 ) ;  x, w i t h  conical s h u t t e r s  and t i l t e d  f l a p s  ( c f .  Figure 4 . 9 ) .  
T h e  da ta  i n  t h e  repor t  1371: 8, hemispherical r eve r se r ;  *, semicyl indr ica l  
r eve r se r ;  A , with  cy1 ind r i ca l  internal  t h r o t t l i n g  and ex terna l  de f l ec t ing  
s h u t t e r s ;  -Scheme I t  ( c f .  Figure 1.8) based on da ta  of f u l l - s c a l e  t e s t s  132J 
[32]; , scheme I I ,  b u t  w i t h  cy l ind r i ca l  s h u t t e r s  and d e f l e c t i n g  f l aps  ( c f .  
Figure 1.8) based on da ta  of f u l l - s c a l e  t e s t s  [ZO]. 

- Pressure Recovery Therein (-IT* - 

e 
"0 IO 20 30 40 50 60 p,or$, 

The reversers  pos i t ioned  a f t  of the e x i t  area of the 

For  models o f  r eve r se r s  incorpora t ing  d e f l e c t i n g  screens  pos i t i oned  for- 
ward of the e x i t  a r ea  of  the  j e t  nozz le ,  the grev values r e l a t e  t o  t h e  ac tua l  

s t ream e x i t  angles B 2  obta ined  with account taken of  the co r rec t ion  f o r  t he  

angle A B ,  by which the  angle B 2  d i f f e r s  from the design angle B 

screen  (53, Chapter Y ) .  

of  t he  Vane 
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The r e s u l t s  o f  f u l l - s c a l e  tests o f  Scheme E ( c f .  Figure 4.16) o f  a re- 
v e r s e r  incorpora t ing  d e f l e c t i n g  screens  and c y l i n d r i c a l  t h r o t t l i n g  s h u t t e r s  
based on t h e  d a t a  o f  t h e  r e p o r t s  [25, 2 2 ,  441 refer  t o  B 2  = 45'. 

tests of engines,  a f t  o f  the d e f l e c t i n g  screens  w i t h  B~~~ = 45' were i n s t a l -  

l e d  e x i t  ducts (cf. Figure 1 . 1 2 ,  t e x t  page 34),  and there were.no wing (or 
engine n a c e l l e )  elements.  Therefore,  as noted by t h e  author  o f  the s tudy  
[25], flowing o f  t h e  stream was n o t  observed, and consequently, no devia t ion  
of t h e  stream toward the  s i d e  of  lower e x i t  angles  cropped up. 
f o r  t h e  angle A B  was a l s o  not  introduced f o r  r e s u l t s  o f  f u l l - s c a l e  tests i n  /151 
122 ,  441, s i n c e  t h e  design was developed i n  such a way as t o  preclude angl ing 
of the  reverse  s t ream toward the s i d e  of  t h e  engine n a c e l l e  ( 83, Chapter V I ) .  

Data o f  tests made o f  models and f u l l - s c a l e  reversers  incorpora t ing  
s h u t t e r s  pos i t ioned  a f t  o f  t h e  ex i t  cross-sect ion of t h e  j e t  nozzle refer t o  
design angles B of  the  s h u t t e r  o r  f l a p  i n c l i n a t i o n .  For  reversers  incorp- 

o r a t i n g  c y l i n d r i c a l  and conical  s h u t t e r s ,  t h e  r e s u l t s  o f  t h e i r  tests a r e  p r e -  
sen ted  i n  8 1 ,  and t h e  maximum values o f  E were p l o t t e d ,  r e s p e c t i v e l y ,  from 

da ta  i n  Figure 4 .7  and 4 .11 .  Data o f  t h e  r e p o r t  1371 f o r  hemispherical  and 
c y l i n d r i c a l  r e v e r s e r s  loca ted  a f t  of  t h e  e x i t  a rea  o f  the j e t  nozzle was p l o t -  
t e d  on these  f i g u r e s .  The f i rs t  type of  r e v e r s e r  c o n s i s t s  of a hemisphere, 
the  second of  a semi-cylinder with wal l s  perpendicular  t o  the cy l inder  a x i s .  
The d a t a  f o r  these  models a r e  given f o r  optimal r a t i o s  of  geometric parameters 
a t  which t h e  maximum reverse c o e f f i c i e n t s  were obtained.  These r e v e r s e r  
schemes are not  devoid of  p r a c t i c a l  i n t e r e s t ,  as a l i m i t i n g  case when t h e  e x i t  
edges of t h e  d e f l e c t i n g  elements a r e  p a r a l l e l  t o  t h e  engine axis. 

values f o r  these  models re la te  p r o v i s i o n a l l y  t o  f3 = 0 .  The d a t a  of  f u l l -  

s c a l e  t e s t s  of  the r e v e r s e r  o f  Scheme I V  (Figure 1 .8 ,  t e x t  page 29) a l s o  pro- 
v i s i o n a l l y  refers t o  a c e r t a i n  probable range o f  angles f3 s i n c e  t h e  r e p o r t  

[32], does not  contain any concrete information about the  parameters o f  t h e  
d e f l e c t i n g  elements o f  t h i s  r e v e r s e r .  

In s t a n d  

The cor rec t ion  

gas 

r e v  

The Erev 
gas 

gas ' 

Let us look a t  experimental d a t a  f o r  models o f  reversers incorpora t ing  a 
c e n t r a l  body (Scheme I ,  Variant 1) with d e f l e c t i n g  screens  made of  leafwise 
p r o f i l e s ,  with d e f l e c t i n g  screens made of p r o f i l e d  vanes and a t h r o t t l i n g  
diaphragm, Scheme A with d e f l e c t i n g  screens made o f  leafwise p r o f i l e s  pos i t iom 
ed a f t  of  t h e  t u r b i n e ,  as w e l l  as d a t a  f o r  r e v e r s e r  models incorpora t ing  
c y l i n d r i c a l  and conical  s h u t t e r s ,  

We can see i n  Figure 4.61 a t rend  toward an i n c r e a s e  i n  c o e f f i c i e n t  of 
t o t a l  p ressure  recovery i n  the  d e f l e c t i n g  elements when the  angle o f  s t ream 
e x i t  i s  increased .  The f a c t  o f  reduct ion i n  t o t a l  p r e s s u r e  losses  with de- 
crease i n  angle of stream r o t a t i o n  is  well-known from screen  t e s t s .  S t i l l ,  
t h e  l e v e l  of  a 2  v a r i e s  n o t  very g r e a t l y  i n  t h i s  case,  which evidences t h a t  t h e  

main f r a c t i o n  o f  t o t a l  p ressure  losses  i n  s t ream r o t a t i o n  is a t t r i b u t a b l e  not  
t o  p r e c i s e l y  d e f l e c t i n g  elements, b u t  t o  t h e  r o t a t i o n  of  the  stream forward 
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of  these elements.  This is  a l s o  evident  from the  d a t a  given i n  Figures 4.32, 
4.36, 4.40 and 4.50 on the  c o e f f i c i e n t  o f  t o t a l  p r e s s u r e  recovery a 2  obtained 

on the  b a s i s  o f  measurement of t o t a l  p ressure  f i e l d  a t  t h e  e x i t  from t h e  de- 
f l e c t i n g  elements of  t h e  reversers  d i f f e r i n g  n o t  only i n  geometric parameters 
o f  the  d e f l e c t i n g  elements,  b u t  a l s o  i n  fundamental design f e a t u r e s .  The 

50". 

= 30'- 1152 values o f  a 2 prove t o  b e  c lose ly  grouped i n  t h e  range o f  angles BVme - 

Inspect ion of t h e  f i g u r e  shows us t h a t  most o f  the i n v e s t i g a t e d  reversers  
a r e  s i t u a t e d  i n  a n o t  very wide band of a 2  va lues .  

Approximately speaking, the  u values f o r  the r e v e r s e r s  w e  have s t u d i e d  2 
l i e  within the l i m i t s  0 .7-0.8.  We must no te  t h a t  t h e  o2 values f o r  r e v e r s e r s  

incorporat ing d e f l e c t i n g  screens t h a t  a r e  loca ted  forward of the  e x i t  cross - 
s e c t i o n a l  a r e a  o f  the  j e t  nozzle  and those incorpora t ing  s h u t t e r s  pos i t ioned  
a f t  of the  e x i t  nozzle  a r e a ,  given optimal geometric parameters a t  which high 
values  of the reverse  c o e f f i c i e n t  a r e  a t t a i n e d ,  prove t o  be approximately o f  
the  same l e v e l .  I n  a range of  stream e x i t  angles o f  i n t e r e s t  i n  a c t u a l  prac-  
t i c e ,  B 2  = 30"-60°, t h e  lower l i m i t  o f  cr 
B 2  and the upper f o r  l a r g e r .  

pos i t ioned  a f t  o f  the e x i t  area o f  the  j e t  nozzle for design cons idera t ions ,  
w e  do not  preclude t h e  p o s s i b i l i t y  o f  choosing even nonoptimal geometric para-  
meters of the r e v e r s e r .  
t h i s  type t h a t  do not  e x h i b i t  optimal geometric parameters,  t h e  values of  Rrev 

and correspondingly o2 values prove t o  be lower than those examined. 

range of angles 6 % 30"-60" f o r  reversers  incorpora t ing  s h u t t e r s  pos i t ioned  

a f t  o f  the  j e t  nozzle  e x i t  a r e a ,  we can take  cr c 0.65, roughly speaking. 

can b e  adopted f o r  smal le r  angles of 2 
I n  designing reversers  incorpora t ing  s h u t t e r s  

I f  w e  look a t  t h e  r e s u l t s  obtained with reversers-of 

I n  t h e  

gas 
2 

We must note  t h a t  the  general ized d a t a  of model t e s t s  agreed s a t i s f a c t o r -  
i l y  with ind iv idua l  r e s u l t s  of f u l l - s c a l e  tes ts .  

How e s s e n t i a l  r a t i o n a l  p r o f i l i n g  of  t h e  throughput s e c t i o n  o f  t h e  revers -  
e r  i s ,  i s  demonstrated by the  r e s u l t s  o f  t e s t s  made o f  a scheme incorpora t ing  
screens and e x t e r n a l  c y l i n d r i c a l  s h u t t e r s  i n  which a very low reverse  coef- 
f i c i e n t  was a t t a i n e d ,  which i s  accounted f o r  by the  unsuccessful p r o f i l i n g  of 
the  d e f l e c t i n g  screens .  

f o r  a reverser  incorpora t ing  s h u t t e r s  pos i t ioned  i n  t h e  e j e c t o r .  
w a s  emphasized i n  §l and 2 o f  t h i s  chapter  and as w e  can p l a i n l y  s e e  from t h e  
f i g u r e ,  r a t i o n a l  choice of  r e v e r s e r  parameters and, i n  p a r t i c u l a r ,  t h e i r  de- 
f l e c t i n g  elements w i l l  allow us t o  a t t a i n  an appreciable  r ise  i n  a For re- 

reversers  incorpora t ing  d e f l e c t i n g  screens ,  r a t i o n a l  choice of  t h e  r a t i o  of  
d e f l e c t i n g  screens s i d e s  i s ,  for example, one of  t h e  avenues of boost ing re- 
v e r s e r  e f f i c i e n c y .  

The low l e v e l  o f  Erev and a 2  i s  c h a r a c t e r i s t i c  a l s o  

S t i l l ,  as 

2' 
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“I , 

Owing t o  t h e  r e l a t i v e l y  moderate gas dynamic improvement o f  reversers, 
compared with o t h e r  elements o f  t u r b o j e t  engines ,  a t t a i n i n g  t h e  r e v e r s e r  co- 
e f f i c i e n t  values i n  t h e  reverse d i r e c t i o n  t h a t  w e  a c t u a l l y  need i n  p r a c t i c e  
n e c e s s i t a t e s  d e f l e c t i n g  almost a l l  t h e  consumption. 
above on t h e  c o e f f i c i e n t  o o f  t o t a l  pressure’  recovery and t h e  d a t a  about t h e  

stream e x i t  angle (Chapter V) i n  most cases i s  s u f f i c i e n t  t o  make approximate 
ca lcu la t ions  when designing r e v e r s e r s .  

/153 
Therefore ,  the  d a t a  given - 

2 

I f  t h e r e  i s  a need t o  a t t a i n  lower E values ,  some o f  t h e  gas can b e  rev  
d i r e c t e d  t o  t h e  nozzle .  I n  t h i s  case,  as shown i n  §1 of  Chapter 11, when we 
make c a l c u l a t i o n s  w e  have t o  know t h e  value o f  t h e  c o e f f i c i e n t  o1 of  t o t a l  

p r e s s u r e  recovery i n  t h e  nozz le  when t h r o t t l i n g  elements have been i n s t a l l e d  
i n  the  gas duc t .  

t e x t  pages 104 and 124).  Since a t  p r e s e n t  w e  do n o t  have f u l l e r  da ta  on o l ,  

an attempt w a s  made t o  genera l ize  d a t a  on the reverse  c o e f f i c i e n t  given the  
presence of  gas bypassing i n  t h e  s t r a i g h t - l i n e  d i r e c t i o n .  

Some d a t a  on 0 has been given above (Figures 4.32, 4.58, 1 

The l imi ted  d a t a  a v a i l a b l e  on the effect  o f  gas consumptlon bypassed i n t o  
t h e  nozzle on t h e  reverse  c o e f f i c i e n t  are wholly comparable. Some r e s u l t s  
were given above (Figure 4 . 8 ) .  When w e  e l iminated bypass through the  s l i t  
between the  s h u t t e r s  i n  t h e  reverser scheme shown i n  Figure 4.40, t h e  reverse  
c o e f f i c i e n t  when n ~ o z z l e  = 1 . 8  rose by 8-10% wi th  a 4-5.5% decrease i n  the  

consumption c o e f f i c i e n t .  The r e p o r t  [32] contains  an i n d i c a t i o n  t h a t  i n  the  
r e v e r s e r  b u i l t  under Scheme I V  (Figure 1 .8 ,  t e x t  page 29) a 1% nonoverlapped 
a r e a  of t h e  g j e c t o r  i n s e r t  l e d  t o  a 2% drop i n  t h e  nega t ive  t h r u s t  (evident ly  
f o r  a r a t e d  R value = 0 . 4 3  when n* Fz 2-2.5). rev  nozzle  

Relying on these  materials, cuxves have been p l o t t e d  f o r  t h e  funct ion of  /154 
t h e  tangent o f  the  s l o p e  of s t r a i g h t  l i n e s  (Figure 4 .8) ,  t h a t  i s ,  the  r a t i o  

i n  t h e  func t ion  of  t h e  angle  of  t h r o t t l i n g  s h u t t e r  i n c l i n a t i o n .  ARrev/Gs li t 
(See Figure 4.62).  

with a concommittant i n c r e a s e  i n  t h e  angle B 

i n  t h e  s t r a i g h t - l i n e  d i r e c t i o n  on t h e  reverse  c o e f f i c i e n t  i s  expressed more 
weakly when t h e  reversers  are pos i t ioned  forward of  t h e  nozzle  e x i t  area.  The 
numerical d i f f e r e n c e  i n  AE i s  n o t  very g r e a t  and i s  commensurable 

with t h e  e r r o r  introduced by e r r o r s  i n  measuring consumption and t h r u s t  on 
experiment a1 s tands  . 

- - 

We can see a t rend  towards decrease i n  the  A ~ r e v / ~ s l i t  

where the  effect  of bypassing 
gas’ 

rev’(;s li t 

The d a t a  i n  the  f i g u r e  can b e  used f o r  e s t i m a t i o n a l  ca lcu la t ions  when 
designing r e v e r s e r s .  
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Figure 

of t h e  
cl i n a t  

0 .75:  
of the 
Scheme 

- 
4.62. A R ~ ~ ~ / G ~ ~  i t  as a F u n c t i o n  

A n g l e  of T h r o t t l i n g  - S h u t t e r  I n -  
on. K;? 2 .0 ;  R r e v  = 0.4-  nozzle 
, Reversers Posi t ioned Forward 
J e t  Nozzle Exit  Area; A ,  the  
Shown i n  F i g u r e  4 .40;  o ,  Scheme 

incorporating Deflect ing Screens and 
Throt t l ing  Diaphragm: 2 ,  Reversers 
Located Aft of the J e t  Nozzle Exit  Area; 
0, Reverser 1ncorporati.ng Cy1 indr ica l  
Shut te rs  ( § l ) ; . + ,  a s  Above ( 9 3  of 
Chapter I V ) ;  0 ,  Scheme I V  ( c f .  Figure 
1.8) Based on Data i n  t h e  Report [ 32 ] .  

The s i z e a b l e  effect  o f  gas 
bypassing i n  a s t r a i g h t - l i n e  
d i r e c t i o n  compels us t o  focus t h e  
most s e r i o u s  a t t e n t i o n  on c a r e f u l  
p a r t i t i o n i n g  of t h e  gas duct o f  
t h e  engine i f  w e  d e s i r e  t o  a r r i v e  
a t  a high reverse c o e f f i c i e n t .  
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CHAPTER V 

STREAM ESCAPE FROM D E F L E C T I N G  SCREENS AND C O N N E C T I N G  P I P E S  OF R E V E R S E R S  /155 

5 1 .  Stream Escape from Deflecting Screens 

Var ia t ion  i n  t h e  stream escape angle i n  t h e  c e n t e r  cross-sect ion along 
the  length of  sc reen  I made up o f  leafwise p r o f i l e s  (@ 

Variant  1 of a r e v e r s e r  i n s t a l l e d  i n  a nozzle incorpora t ing  a c e n t r a l  body is 
shown i n  Figure 5.1.  The angles were measured a t  a d i s tance  of  about 1 p i t c h  
(8 mm) from t h e  exhaust edges of t h e  vanes1. 

= 35’) o f  Scheme I ,  vane 

The curves presented  allow us t o  note  several i n t e r e s t i n g  features. We 
can a n t i c i p a t e  t h a t  i n  streaming over a convex s u r f a c e  of  a wall i n  the  f r o n t  
channel t h e r e  w i l l  b e  flow s e p a r a t i o n  much l i k e  what takes  p l a c e  i n  streaming 
p a s t  t h e  extreme vanes o f  f l a t  screens i n  a wind tunnel .  However, a t  low de- 
grees of  p r e s s u r e  reduct ion (IT* = 1.2-1.5) t h i s  i s  not  observed. The 

values of  t h e  stream e x i t  angle i n  the l as t  channel somewhat exceed t h e  design 
angle of the  vane a t  t h e  e x i t  from t h e  screen  B o r  are c lose  t o  i t ,  and 

f o r  t h e  g r e a t e r  p a r t  o f  t h e  screen  length are less than Bvane. Experimental 

po in ts  near  t h e  convex s u r f a c e  o f  the  f r o n t  channel were n o t  p l o t t e d  owing t o  
the  f a c t  t h a t  the small stream e x i t  angles were found impossible t o  measure. 

nozzle  

vane 

This p a t t e r n  i n  t h e  curves i s  accounted for by the  e j e c t o r  a c t i o n  o f  t h e  
reverse  s t ream, leq-ding t o  t h e  appearance o f  r a r e f a c t i o n  along t h e  margins of 
t h e  stream. 

A s  the  e x t e n t  of  pressure  reduct ion became g r e a t e r ,  the s t ream e x i t  angle  / ] 5 7  
w a s  observed t o  increase  (T* = 1.8; 2 .2) .  With an increase  i n  the  e x t e n t  - 
of pressure  reduct ion the escape r a t e  from these  screens  rose  and the  r a r e f a c -  
t i o n  induced proved t o  b e  inadequate t o  r e t a i n  t h e  r o t a t i o n  of  t h e  stream to-  
ward t h e  s i d e  of  t h e  engine n a c e l l e .  This f e a t u r e  i s  n o t  assoc ia ted  with t h e  
ac t ion  of  the obl ique c ross -sec t ion .  Owing t o  l a r g e  losses  i n  t h e  screen  even 

= 2.2 t h e  escape r a t e  p r a c t i c a l l y  speaking does not exceed t h e  super- 
at ‘iozzle 
s o n i c  l e v e l .  
channel, t o  which t h e  ac t ion  o f  t h e  induced r a r e f a c t i o n  w a s  extended. 

nozzl e 

The r ise  i n  t h e  stream escape angle w a s  n o t  noted i n  the  f r o n t  

- 
lMeasurement o f  the  stream angles as t h e  stream e x i t e d  from the r e v e r s e r s ,  the  
r e s u l t s  of which have been s e t  f o r t h  i n  t h i s  chapter ,  were conducted with dumny 
t a r g e t  goniometers made o f  capron threads ,  has well recommended i t s e l f  i n  t h e  
p r a c t i c e  o f  i n v e s t i g a t i n g  f l a t  compressor sc reens  . 
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Figure  5.1. V a r i a t i o n  i n  the Stream Exi t  Angle i n  the Central  Cro 
Along the Length o f  Screen I of the Model o f  a Reverser f o r  a Nozz 
corporat ing a Central  Body. Scheme I ,  Var iant  1 :  1 ,  Front  Channel 

Channel ; x, T* = 1.2; 0, 7T* = 1.5; , + = 1.8;  A ,  

2.2; 4 .  Tr* = 2.7; +, + = 3.2. 
nozzle nozzle nozzle 

nozzle nozzle 

s -Sect i on 
e In-  

2, Las t  

T:L 
nozzle W 
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When the re  w a s  a s u b s t a n t i a l  r i s e  i n  t h e  ex ten t  o f  pressure  reduct ion 
> 2.7), along the  e n t i r e  length o f  the  screen  the  inc rease  i n  the  (7Tiozz le  - 

stream e x i t  angle owing t o  r o t a t i o n  i n  the obl ique c ross -sec t ion  i s  ev ident .  
In  the  f r o n t  channel and along the convex s u r f a c e  of t he  p r o f i l e  of  the second 
channel stream sepa ra t ion  w a s  observed, which shows up a l so  i n  a h igher  stream 
e x i t  angle .  In  experiments considerable  f l u c t u a t i o n  and to r s ion  of  the  gonio- 
meter threads occurred i n  t h i s  a r ea ,  while a t  the  same time t h i s  w a s  no t  ob- 
served i n  the  c e n t r a l  channels f o r  the given regimes. 

D i s t r ibu t ion  of t h e  d i f f e rence  i n  s t a t i c  p re s su re  p a t  the e x i t  from 

In 
2 

t h i s  same screen  and ambient s t a t i c  pressure  p 

s t a t i c  pressure  measurements t h e  aim of  ob ta in ing  da ta  t h a t  would. explain the  
above-described p a t t e r n  of  change i n  the  s t ream e x i t  angle  along the  length of 
the  screen  w a s  pursued. Information about t he  value of  the  s t a t i c  p re s su re  a t  
t h e  e x i t  from t h e  r eve r se r  w a s  a l so  o f  i n t e r e s t  i n  i t s e l f ,  s i n c e  i t  i s  usua l ly  
assumed i n  ca l cu la t ions  t h a t  the pressure  p = pres su re  p The f i g u r e  makes 

c l e a r  t h a t  when T* = 1.3, over the e n t i r e  length of t he  screen  the  s t a t i c  

p re s su re  is  p r a c t i c a l l y  equal t o  p H'  
r a r e fac t ion  i s  observed. The ex ten t  of t h i s  r a r e f a c t i o n  inc reases  with g r e a t e r  
reduct ion o f  p re s su re  down t o  n* = 1 .9 ,  then varies only s l i g h t l y .  In  the 

c e n t r a l  s e c t i o n  of the  screen  the  s t a t i c  p re s su re  proves t o  be  g r e a t e r  than t h e  
ambient p-ressure.  In  the r e a r  o f  the sc reen ,  nea r  t he  last cfmnnel, a r a r e -  
f a c t i o n  region is a l s o  induced. Averaging showed t h a t  the mean value of  the  

= 2.2. 

i s  shown i n  Figure 5.2. H 

2 H '  

nozzle  
while  i n  t h e  f r o n t  p a r t  o f  the  screen  

nozzle  

- - d i f f e r e n c e p z  - p H i s  p r a c t i c a l l y  equal t o  zero,  a t  l e a s t  as f a r  as 7 ~ *  nozzle  

Resul ts  of measuring the stream e x i t  angle along the  length  of the  an- 
= 20') of a model of a rever -  vane nu la r  screen made up o f  leafwise  p r o f i l e s  ( B  

s e r  incorpora t ing  t h r o t t l i n g  j e t  nozzle and p res su re  d i s t r i b u t i o n  along the  
engine n a c e l l e  a r e  descr ibed i n  Figure 5.3. A decrease i n  the  design angle of 
the  vanes a t  the  e x i t  from t h i s  sc reen  leads t o  a s i t u a t i o n  i n  which the e j e c t -  
i ng  ac t ion  of the j e t  stream i s  manifest  up t o  h ighe r  degrees of pressure  r e -  
duct ion:  the  flow p a t t e r n  f o r  degrees of  p re s su re  reduct ion equal t o  1.8-2.5 is  - /160 
s i m i l a r  t o  t h a t  descr ibed f o r  the  angle BVae = 35' when n iozz le  = 1.2-1.8 i n  

the  last  channel of t h e  screen  the  s t ream e x i t  angle i s  somewhat l a r g e r  than 
the  design angle of the  vanes a t  the  e x i t .  In  the  o t h e r  remaining channels the  
angle B 2  i s  sma l l e r  than t h e  angle 6 The angle B 2  a t t a i n s  i t s  sma l l e s t  vane 
value i n  the  f r o n t  channel. .Rarefaction i s  observed forward of the  screen  on 
the  engine n a c e l l e  s u r f a c e .  Rarefact ion is  reduced with increas ing  d i s t ance  
from the screen .  A t  some d i s t ance  from it the  r a t i o  p/p becomes equal t o  

un i ty .  I t  i s  a l s o  c l e a r  from the f i g u r e  t h a t  p re s su re  on the engine n a c e l l e  
i n  some range of pressure  reduct ion values remains unchanged, which does agree 
with the  r e s u l t s  o f  measurements on screen  I .  

. 

H 
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Figure 5.2.  

Ambient Pressure pH i n  the Central  Sect ion Along the Length o f  the Screen I o f  a Model o f  

a Reverser i n  a Nozzle Incorporat ing a Central  Body. 

2, Last  Channel. x, n +  nozzle nozzle nozzle 

V a r i a t i o n  i n  Di f ference Between S t a t i c  Pressure a t  E x i t  From Screen p2 and 

Scheme I ,  Var ian t  1, 1 ,  Front  Channel; 

= 1 . 3 ;  0, IT'! = 1 .9; A ,  = 2.2. 

w 
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L i n e  Along Which 

Points of 

F i g u r e  5 .3 .  
a Reverser Incorporating a Thro t t l i ng  J e t  Nozzle and Pressure Dis t r ibu t ion  
Along E n g i n e  Nacelle Surface :  0, ITA nozz 1 e nozzle 

= 2.5.  

Varia t ion  in Stream Exi t  A n g l e  Along L e n g t h  of Annular Screen of 

= 1 .8 ;  x, IT;? = 2.2; 

A3 %ozzle  
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Thus, w e  see t h a t  t h e  stream escaping from t h e  f r o n t  channel of t h e  
screen e x h i b i t s  t h e  g r e a t e s t  devia t ion  from the design angle  as i t  immediately 
adjoins  the  r a r e f a c t i o n  a rea .  

To c l a r i f y  t h e  q u a l i t a t i v e  s t r u c t u r e  of  the stream, a s t r i p  of  organic  
g l a s s  coated with a t h i n  l a y e r  of  l i q u i f i e d  white  gauche w a s  p laced a t  t h e  
e x i t  from t h e  screen .  Black  gauche w a s  appl ied on t h i s  l a y e r  a t  s e v e r a l  
p o i n t s .  When s t reaml in ing  passed over  t h i s  s t r i p  t h e  l i q u i d  dye was swept 
along by t h e  stream leaving d i s t i n c t i v e  t r a c e s  i n  the  d i r e c t i o n  of the  stream- 
l i n e .  

Natura l ly ,  these t r a c e s  r e f l e c t  the o v e r - a l l  flow p a t t e r n  during t h e  
per iod  of  change i n  t h e  e x t e n t  o f  p r e s s u r e  reduct ion down t o  the h ighes t  value 
i n  t e s t i n g .  Applicat ion of  t h i s  method allows us t o  c l a r i f y  t h e  stream d i r e c -  
t i o n  i n  d i r e c t  proximity t o  t h e  engine n a c e l l e  where measurement with acces- 
s o r i e s  i s  d i f f i c u l t .  

We can see i n  t h e  photograph obtained f o r  an increase  i n  IT* up t o  nozzle 
2.0 t h e  inf luence  of  the  e j e c t i n g  e f f e c t  on the deviat ion of  the  stream as i t  
e x i t s  from the  screen .  The s t ream flows along t h e  s u r f a c e  o f  t h e  engine 
n a c e l l e .  

For a vane e x i t  design angle equal t o  50O.5 (Screen I1 o f  the r e v e r s e r  
model of a nozzle  incorporat ing a c e n t r a l  body), t h e  flow p a t t e r n  d i f f e r s  some- 
what from t h a t  descr ibed ,above (Figure 5 . 4 ) .  

e x i t  nozzle along the  length  of  t h e  screen  changed only s l i g h t l y .  
no such decrease i n  t h e  angles i n  the f r o n t  channels as w a s  t h e  case i n  t h e  
screen  I .  

TI* = 2 . 2 ,  w e  can s e e  an i n c r e a s e  i n  the stream e x i t  angle owing t o  i t s  nozz le  
separa t ion  i n  the  f r o n t -  channel. When TI* = 3 . 2 ,  the  e f f e c t  o f  the nozzle 
obl ique cross-sect ioning of  t h e  screen i s  marked. 

When r;Zozzle - < 1.8 ,  t h e  stream 

There was 

But the  values  B 2  were a l s o  less than t h e  design angle .  When 

Angling of the stream escaping from the s l i t  a t  an acute  angle t o  the 
sur face  toward the  s i d e  of t h e  l a t t e r  i s  known by the Coanda e f f e c t  and has 
been observed i n  s e v e r a l  o t h e r  textbook problems.’ We know, f o r  example, t h a t  
a s t ream escaping from a screen  o f  a f i n i t e  number of  p r o f i l e s  i n  t h e  s t a g e s  
of  tu rb ines  with p a r t i a l  feed  of  working f l u i d  devia tes  toward t h e  s i d e  of t h e  
diaphragm [ 4 ] .  

The curves descr ib ing  t h e  s t ream e x i t  angle B2, averaged over the  screen  1161 

length f o r  the c e n t r a l  s e c t i o n  o f - t h e  screen  as a funct ion o f  t h e  e x t e n t  of 
pressure  reduct ion i s  : 

IMany t h e o r e t i c a l  and experimental  s t d d i e s  deal  w i t h  t h e  Coanda e f f e c t ,  and 
of these  a l a r g e  number i s  given i n  the r e p o r t  [47J. 

~ ~ . ~. _.  
~ ... ..... ~ 

. .  . . . - - .- 
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where a = length of s c reen ,  a r e  p l o t t e d  i n  Figure 5.5. We note  t h a t  with a 
decrease i n  the  dens i ty  of  sc reens  made of  leafwise p r o f i l e s  (Screen 111) f o r  
degrees o f  p re s su re  reduct ion g r e a t e r  than 1 . 5 ,  t h e r e  is a c e r t a i n  inc rease  
i n  the  stream e x i t  angle  compared t o  the value f o r  the  screen  t h a t  has h igher  
dens i ty  (Screen 11). Data i s  a l s o  p l o t t e d  i n  the  f i g u r e  f o r  sc reens  made of  
p r o f i l e d  vanes i n  which the  number of channels z = 6 ,  d i f f e r i n g  i n  the sub- 
tended angle .  I t  is evident  t h a t  i n  these  screens  as  we l l ,  f o r  degrees of 
pressure  reduct ion corresponding t o  the woxking regimes of r e v e r s e r s ,  t he  
stream i n  the c e n t r a l  s e c t i o n  a l s o  e x i t s  a t  angles  l e s s  than the  design angle 

= a r c  s i n  a /t. of the screen  Bscreen 

/162 

gas 

Figure 5.4.  Variat ion i n  the Stream Exit  A n g l e  i n  t h e  Central Cross-section 
Along t h e  Leng th  of Screen I 1  of t h e  Model of a Reverser Ins t a l l ed  i n  a Nozzle 
Incorporating a Central  Body. Scheme I ,  Variant  1 .  The symbols a r e  the same 
as those i n  Figure 5.1. 

The s t ream a t  i t s  e x i t  from the de f l ec t ing  screens  of a r eve r se r  is three- 
dimensional i n  cha rac t e r .  D i s t r ibu t ion  o f  stream e x i t  angle  averaged over 
screen lengths  i n  t h e  c ross -sec t iona l  a r e a  o f  the screen  IV made of leafwise 
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= 67') and f o r  screens made o f  p r o f i l e d  vanes (B 31" , 
We can see t h a t  t h e  stream a t  t h e  

s creen p r o f i l e s  (Bvane 

e = l l O o J  z = 6) is  p l o t t e d  i n  Figure 5.6. 
extreme s e c t i o n  e x i t s  as s m a l l e r  angles than i n  t h e  c e n t e r  s e c t i o n s .  This 
can b e  explained by the  f a c t  t h a t  t h e  s a r e f a c t i o n  induced along the  margins 
of t h e  stream turns  t h e  stream along the  margins. 
reduct ion i n  t h e  screen  I V  i s  increased,  t h e  d i f f e r e n c e  between the  angles ' 2a 
duced. 

l y  i n  a screen t h a t  has  smal le r  stream e x i t  angles .  

When t h e  e x t e n t  o f  pressure  

i n  the  c e n t r a l  s e c t i o n  of  t h e  screen and i n  t h e  extseme sec t ions  is  re- 

The d i f f e r e n c e  between angles B~~ i n  these  s e c t i o n s  v a r i e s  only slight- 

B o  
x 

61 

51 

41 

31 

za 
7 

I I 
Thus, t h e  average value of the 

s t ream e x i t  angle  f o r  the  screen  as a 
whole 

is  less than t h e  angle B~~ i n  t h e  

c e n t r a l  s e c t i o n  averaged over the 
screen length .  Thus, i n  working r e -  
gimes of t h e  r e v e r s e r ,  f o r  the angle 

'2 ,av 

'2,av 
1" from t h e  angle  B 2 a ,  whi le  i n  the 

case when t h e  stream e x i t  angle B~~~~ 

25" - -30°  the  d i f f e r e n c e  i s  about 
2".  This d i f f e r e n c e  i s  the  smal le r ,  
t h e  smal le r  the  subtended angle of the 
screen ,  which does follow from i n -  
spec t ion  of t h e  arrangement o f  experi-  
mental p o i n t s  f o r  0 = 70" and 1 1 0 ' .  
Owing t o  symmetry, t h e  stream e x i t  
angle averaged over sc reen  length f o r  

FZ 62O ( c f .  Figure 5.5) t h e  angle 

d i f f e r s  on t h e  average by about 

- /164 

annular  sc reens  agrees with t h e  
mean value of  stream e x i t  angle 
f o r  t h e  screen  as a whole. 
The angle B Z y a v  remains p r a c t i -  

c a l l y  unchanged f o r  t h e  model 

Figure 5.5. Pressure Reduction Dependence 
of Stream Exit  Angles Averaged Over Screen 
L e n g t h  82a  i n  the  Central  Section of t h e  

Screens and t h e  Angle 6 Averaged Over 

t h e  Screen as a Whole f o r  a Model o f  a 
Reverser B u i l t  as P a r t  of a Nozzle Incorp- 
o r a t i n g  a Centarl Body: Scheme I Variant 1 ,  W i t h  Screens I ,  1 1 ,  I l l ,  and I V Y  
Made of Leafwise P r o f i l e s ;  Scheme I , Variant  2,  w i t h  Screens Made of Prof i led  

2,av 

Vanes ( z  = 6 ) :  0 - 0 = 7 0 ° ;  *. o - ~ - l l O o  
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of a r e v e r s e r  i n c o r p o r a t i n g  a t h r o t t l i n g  j e t  n o z z l e  w i t h  such screens i n  t h e  
i n v e s t i g a t e d  range ~ ; 2 ~ ~ ~ ~ ~  = 1.8-2.5. 

71 ;k 

71 A 

nozz 

nozz 

F igure  5.6. 
Cross-sect ional  Area of Screens t h a t  a re  P a r t  of a Reverser i n  a Nozzle I n -  
c o r p o r a t i n g  a Cent ra l  Body: a, Screen I V  Made of Leafwise -I. P r o f i l e s ;  Scheme I ,  
V a r i a n t  1 : 

b,  Screen Made of P r o f i l e d  Vanes w i t h  8 = 110" and z = 6, Scheme I ,  V a r i a n t  2: 

V a r i a t i o n  of Stream E x i t  Angle Averaged Over Screen Length i n  the  

= 2.35; J. 
0, +; nozzl  e = 1.51 ;o ,71 nozz le  = 1.92; 0 ,  T n o z z l e  

= 1.18; A ,  7 ~ i ~ ~ ~ ~ ~  = 1.95; 0 ,  IT^^^^^^ = 2.64. 
0 3  ' i o z z l e  
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92. Escape of Stream from Deflecting Connecting P i p e s  

Figure 5 . 7  shows, f o r  n ~ o z z l e  = 2 . 2 ,  the v a r i a t i o n  of stream e x i t  angle  

along length o f  d e f l e c t i n g  connecting p ipe  i n  a r e v e r s e r  incorporat ing t h r o t -  
t l i n g  s h u t t e r s ,  as w e l l  as d i s t r i b u t i o n  o f  pressure  along t h e  engine n a c e l l e .  
The flow p a t t e r n  a t  t h e  e x i t  from a connecting p ipe  o f  a r e v e r s e r  and p r e s s u r e  
d i s t r i b u t i o n  a t  the engine n a c e l l e  a r e  q u a l i t a t i t i v e l y  similar with t h a t  de- 
s c r i b e d  above f o r  d e f l e c t i n g  screens when fi 

makes c l e a r  t h a t  i n  t h e  r e a r  h a l f  o f  t h e  e x i t  cross-sect ion of the  connecting 
p ipe  t h e  stream e x i t  angle i s  g r e a t e r  than t h e  connecting pipe design angle 
a t  i t s  e x i t ,  b u t  i n  the  f r o n t  h a l f - i t  i s  l e s s .  The stream e x i t  angle i s  smal- 
le r  i n  the  extreme s e c t i o n s  of the connecting p ipe  than i n  the c e n t r a l  section 
The s m a l l e s t  values of the s t ream e x i t  angles a r e  found i n  the longi tudina l  
s e c t i o n  around the  i n n e r  s i d e  o f  the connecting p ipe ,  which i s  more c l o s e l y  
s i t u a t e d  t o  the  o ther  connecting p ipe  of  t h e  r e v e r s e r .  
stream e x i t  angle averaged f o r  t h e  connecting p ipe  as a whole i s  l e s s  than t h e  
design e x i t  angle of t h e  connecting p ipe .  

= 20" and 3 5 " .  The f i g u r e  vane 

As a r e s u l t ,  t h e  

1 2 V i e w  r 'I L i n e  of Stream A n g l e  
Meas u r emen t s 

Pi 

51 

4G 

30 

20 

10 

Point  a t  Which the S t a t i c  
Pressure was Measured 

Figure 5 .7 .  Variat ion of t h e  Stream Exit  A n g l e  Along t h e  Length of t h e  De- 
f l e c t i n g  Connecting Pipe of a Reverser ( c f .  F i g u r e  4 . 3 2 ) ,  T : ~ ~ ~ ~ ~  = 2.2 .  
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Figure 5.8 p r e s e n t s  a photograph of  the  flow p a t t e r n  a t  t h e  e x i t  from t h e  
connecting p ipe  as a* nozzle  
fan-shaped p a t t e r n  of t h e  stream. 
flows along t h e  engine n a c e l l e  s u r f a c e .  

i s  increased  t o  2.0. 

I t  is  e a s i l y  discerned t h a t  the  stream 

We can graphica l ly  see t h e  

F i g u r e  5.8.  
Reverser (Figure 4 .32 ) .  

P a t t e r n  o f  Flow Exit ing from D e f l e c t i n g  Connecting Pipe of a 

The r e s u l t s  given above f o r  measurement .of the stream e x i t  angle p e r t a i n  
t o  models o f  reversers i n  which t h e  sur face  of  t h e  obl ique cross-sect ion of 
t h e  d e f l e c t i n g  screens  o r  connecting pipes  l i es  f l u s h  with t h e  s u r f a c e  of  t h e  
engine n a c e l l e .  If  the  s u r f a c e  of the obl ique c ross -sec t ion  of the d e f l e c t i n g  
connecting p i p e  w i l l  p r o j e c t  s u b s t a n t i a l l y ,  then i t  is obvious t h a t ,  independ- 
e n t l y  of  the angle a t  which t h i s  connecting p i p e  p r o j e c t s ,  t h e r e  w i l l  b e  no 
r a r e f a c t i o n  induced along t h e  engine n a c e l l e  which had brought about tu rn ing  
of the  stream toward t h e  engine n a c e l l e  s i d e .  

S tudies  o f  a model of a r e v e r s e r  incorpora t ing  d e f l e c t i n g  connecting 
pipes  and t h r o t t l i n g  s h u t t e r s ,  descr ibed above i n  85  of Chapter I V  ( c f .  Figure 
4.55), have show t h a t  even when tee engine n a c e l l e  s u r f a c e  is removed about 
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1 / 3  the length of  t he  d e f l e c t i n g  connecting pipe from the su r face  of i t s  
obl ique c ross -sec t ion  d i f f e rences  a re  observed i n  the  d i s t r i b u t i o n  of stream 
e x i t  angles (Figure 5 .9 ) .  We can s e e  from the  f igu re  t h a t  i n  a l l  the  cross-  
s ec t ions  o f  the de f l ec t ing  connecting p ipe  the stream around the  ex te rna l  
w a l l  1 over the e n t i r e  c ros s - sec t iona l  a r ea  i n  the  r e a r  channel 2 extends a t  
angles t h a t  a r e  g r e a t e r  than the design angle of t he  connecting p ipe  and the  
guide vanes a t  t he  e x i t ,  which i s  explained by flow sepa ra t ion  from the  vane 
backs.  This p a t t e r n  of t he  curves agrees with the r e s u l t s  o f  measurement of 
t o t a l  p re s su re  a t  e x i t  from connecting p i p e s .  Stream e x i t i n g  a t  angles l e s s  

than 'vane 
s i d e  of  the  connecting p ipe ,  t o  which ev ident ly  the  in f luence  of r a r e f a c t i o n  
induced i n  the zone b.etween connecting p ipes  had extended. The value o f  t he  
stream angle  obtained by averaging over the e n t i r e  e x i t  c ross -sec t ion  proved 
t o  be about lo g r e a t e r  than the  angle  i n  the range of degrees of  p re s -  vane 
su re  reduct ion t h a t  a r e  of i n t e r e s t  i n  ac tua l  p r a c t i c e :  

/165 - 

has been observed i n  the  first two channels only from t h e  inne r  

1.64 2.04 1 2.47 nozzle 
- .______ __ .._. 

41.5 40.5 I 41.6 

P?? 
50 F i g u r e  5.9. Variat ion i n  

Stream Exit  A n g l e  Athwart the 
Def 1 e c t  i ng Connecting P i  p e  of 
a Reverser (Figure 4.55) ,  

A = 2.0. 42  nozzle 

9 3 .  Generalized Data on the /168 
Angle a t  Which a Stream 
Exi ts from Def 1 e c t i  n g  
Screens and Connect i ng 
Pipes of Reversers 

Figure 5.10 presents  the  

34 

26 values of t he  d i f f e rence  A B  
between the design angle of 
vanes (connecting p ipes)  or the  

I I  I l l 1  design angles o f  screens and 
F E D C  B A  the  angle B 2 , a v  o f  e x i t i n g  

18 stream averaged f o r  t h e  screen  
0 as a whole: 20 
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- - 
'vane '2,av. A' = - A B  = - 

'screen @2,av 

as a funct ion o f  t h e  M 2  number a t  t h e  e x i t .  
d e f l e c t i n g  screens  of a reverser f o r  a nozzle incorpora t ing  a c e n t r a l  body, 
and f o r  a reverser incorpora t ing  connecting p ipes  and t h r o t t l i n g  s h u t t e r s .  
p l o t t i n g  the graph w e  a l s o  used d a t a  f o r  reversers incorpora t ing  an annular  
sc reen  and a t h r o t t l i n g  j e t  nozzle .  

The f i g u r e  p r e s e n t s  the  d a t a  f o r  

' I n  

AP 

I 

4 

2 

0 

From the  l i t e r a t u r e  w e  
are acquainted with t h e  so- 
c a l l e d  Ainley curves ( c f .  
f o r  example, [15]) ,  according 
t o  which, a t  subsonic  velo- 
c i t i es  o f  escape from t u r b i n e  
screens o f  a r e a c t i v e  type 
t h e  stream i s  n o t  r o t a t e d  up 
t o  t h e  design angle of t h e  
screen  by some angle (AB < 0). 
I n  c o n t r a s t  t o  t u r b i n e  scre- 
ens,  escape o f  a stream from 
d e f l e c t i n g  screens o f  rever-  

Figure 5.10. A n g l e  A' as a Function of t h e  
M 2  Number a t  t h e  Exi t  from Deflect ing Screens 

and Connectinq P i p e s  Under  Stand Conditions. 

sers i s  cKaracterized by an 
i n c r e a s e  i n  the angle of 
stream devia t ion  (AB > 0 ) .  - .  

Reverser of  a Nozzle Incorporating a Central  
Body: 6, Screen made of  Prof i led  Vanes ( 6  = 
= 110", z = 6 ) ;  A ,  Screen I V  Made of Leaf- 

We can c l e a r l y  see from 
the f i g u r e  t h a t  when t h e r e  
is an i n c r e a s e  i n  M w e  ob- wise P r o f i l e .  T h e  Reverser Incorporating 2 

Annular Screens and a T h r o t t l i n g  J e t  Nozzle: serve a c e r t a i n  t rend  toward 
a reduct ion i n  the  angle A B .  
However, when M2 = 1, t h e  

= 20"; ., B v a n e  = 30" ; 0, Rever- 

Connecting P i p e s  and Throt- 
vane 0 ,  B 

ser Incorporating 
t l i n g  S h u t t e r s  ( F  

t u r e s  of flow ex 

gure 4.321. . value of  A B ,  genera l ly  speak- 
i n g ,  does not  equal zero,  as 
i n  t h e  case o f  Turbine 
screens ,  owing t o  t h e  fea- 

t i n g  from t h e  screens and connecting pipes  of  reversers  noted 
above. Bearing i n  mind t h e  p r e c i s i o n  a t  which angles were measured, es t imated 
a t  n o t  h igher  than _+lo, the  f i g u r e  p r e s e n t s  a p l o t  of  some averaged curve f o r  
d e f l e c t i n g  screens  and connecting pipes  a t  stream e x i t  angles i n  the  range of  
approximately 15" t o  65 ' .  
5.10 can be used i n  es t imat ing  t h e  cor rec t ion  A B  on t h e  stream e x i t  angle f o r  
streams e x i t i n g  from d e f l e c t i n g  screens and connecting p ipes  o f  reversers  when 
t h e i r  oblique c ross -sec t ion  surfaces  loca ted  f l u s h  with the  engine n a c e l l e  
f o r  s t a n d  performance, t h a t  i s ,  without e x t e r n a l  flow. 

To the  f i rs t  approximation t h e  curve i n  Figure 

Figure 5.11 p r e s e n t s  a curve of  t h e  angle  A B  as a funct ion o f  the  angle 
= 2 . 0 ,  corresponding t o  t h e  M2 number N- 0.9 .  'vane ('screen for ';ozzle 
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Also p l o t t e d  i n  the  f i g u r e  a r e  da t a  f o r  t he  reversers  no t  considered above, 
incorpora t ing  connecting p ipes  and t h r o t t l i n g  s h u t t e r s  a t  f3 angles equal 

t o  20°, 30°, SO", 60" and 70°, as  we l l  as da ta  f o r  a r eve r se r  incorpora t ing  
annular sc reens  with Bvane = 50". For  these  models, measurement w a s  made of 

s t a t i c  p re s su re  a t  t h e  engine n a c e l l e  su r face  under the  reverse  s t ream, along 
with measurement o f  angles .  A s  t h e  angle B,,, i s  increased ,  s t a t i c  pressure  

a t  the  p o i n t  near  the  f r o n t  wall of t he  connect ing.pipes  (screen)  draws c l o s e r  
t o  the value of the ambient p re s su re ,  b u t  when BVme = 70" i t  i s  p r a c t i c a l l y  

= 70" the  angle A B  proves t o  be equal t o  equal t o  the pressure  pH. 

zero.  
connecting pipe a t  which the  stream e x i t s  along the  connecting p ipe  wal l s  and 
does not  devia te  toward the engine n a c e l l e  s i d e .  However, f o r  the  c lose  value 
o f  the angle Bvane = 67" f o r  d e f l e c t i n g  screens with a subtended angle  8 = 

= l l O o ,  the  angle A B  d i f f e r s  markedly from zero.  Thus, t he  l i m i t i n g  design 
angle a t  which A$ = 0 depends no t  only on the  angle 

on the number o f  reverse  streams and t h e i r  mutual d i spos i t i on .  Some average 
curve is  presented i n  the  f i g u r e  t o  the  f i r s t  approximation. 

('screen the  range of angles Bvane 
t o  us ,  depends only weakly on B 

vane 

/171 
When 'vane 

I t  i s  obvious t h a t  BVme = 70" i s  some l imi t ing  design angle  of t he  

b u t  obviously a l so  

The value A B  i n  

vane' 

) = 30"-50" t h a t  i s  o f  p r a c t i c a l  i n t e r e s t  

where A B =  4'. vane ' 

PH 

696 

Front Wall of t h e  Connecting P i p e  
as Functions o f  t h e  Angles B v a n e  

O r  'screen 
-4 I 

of t h e  Deflecting 

I n  conclusion we w i l l  make a f e w  remarks. Data on the  stream e x i t  angle 
f o r  stream e x i t i n g  from xevexsers has been obtained under s t a n d  condi t ions ,  
t h a t  i s ,  without ex te rna l  flow. 
bear ing  on the  flow d i r e c t i o n  as it e x i t s  from t he  r eve r se r .  

The presence of  ex te rna l  flow can have a 
Experiments with 

- 
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j e t s  was d i s t r i b u t e d  at  an angle t o  t h e  e n t r a i n i n g  stream have shown t h a t  a t  
t h e  f r o n t  s i d e  of  t h e  j e t ,  owing t o  flow s t a g n a t i o n  increased  pressure  i s  
b u i l t  up [7, 19, 243. The r i se  i n  pressure  along t h e  margin of t h e  j e t  can 
reduce t h e  r a r e f a c t i o n  i n  t h e  region between t h e  engine n a c e l l e  and t h e  f r o n t  
p a r t  o f  t h e  j e t  and l e a d  t o  a reduct ion i n  t h e  angle A @ .  
i n  an e x t e r n a l  flow, descr ibed below (92, Chapter V I ) ,  as well as experiments 
with j e t s  have revealed t h a t  when externalf low i s  p r e s e n t ,  owing t o  r o t a t i o n  
o f  the j e t  a r a r e f a c t i o n  zone i s  loca ted  a f t  of t h e  s t ream. This r a r e f a c t i o n  
leads t o  the appearance o f  a negat ive t h r u s t  component. Thus, i n  ex terna l  
flow the p o s s i b l e  reduct ion  of t h e  angle  A B  is-  compensated by a r i s e  i n  nega- 
t i v e  t h r u s t  appl ied  on the s u r f a c e  of t h e  engine n a c e l l e .  
with models of  r e v e r s e r s  allowed us t o  e s t a b l i s h  t h a t  when an ex terna l  flow 
passes  over  them a t  v e l o c i t i e s  corresponding t o  a i r c r a f t  landing conditions 
t h e  reverse  c o e f f i c i e n t  is not  only n o t  reduced, b u t ,  on t h e  contrary,  is  i n -  
creased by s e v e r a l  percent  ( § l ,  Chapter V I ) .  

S tudies  of reversers  

Studies  conducted 

Relying on these  r e s u l t s  i n  es t imat iona l  c a l c u l a t i o n s  o f  r e v e r s e r s ,  usual- 

2 % Bvane l y  no cor rec t ion  on the angle A B  is  introduced.  

( ' s  cre  en 

We w i l l  assume B 
1 .  
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CHAPTER V I  

E X P E R I M E N T A L  STUDY OF R E V E R S E R S  O N  MODELS PAST W H I C H  EXTERNAL FLOW I S  
S T R E A M L I N E D  A N D  STUDY OF A TURBOJET E N G I N E  I N C O R P O R A T I N G  A R E V E R S E R  

INSTALLED O N  AN AIRCRAFT 

/171 

5 1 .  Effec t  of  External Flow on Reverse Coeff ic ien t  

The value of  negat ive t h r u s t  a c t i n g  on an a i r c r a f t  depends not  only on 
the  i n l e t  impulse of a i r  pass ing  through the  engine and the  design o f  t h e  r e -  
v e r s e r  i t s e l f ,  bu t  a l s o  on how t h e  engine incorpora t ing  this u n i t  is arranged 
on t h e  a i r c r a f t .  The reverse s t ream can s u b s t a n t i a l l y  a l t e r  a i r c r a f t  stream- 
l i n i n g  and t h e  r e s i s t a n c e  of  c e r t a i n  of  i t s  p a r t s .  F o r  example, i n  c a l c u l a t -  
i n g  t h e  aerodynamic r e s i s t a n c e  of  an a i r c r a f t  equipped with reversers  we m u s t  
t ake  account o f  t h e  increased r e s i s t a n c e  o f  t h e  engine n a c e l l e  t h a t  stems from 
bottom r a r e f a c t i o n  induced i n  t h e  e x i t  a rea  of t h e  j e t  nozzle i n  the absence 
of  engine gas exhaust.  

An i n v e s t i g a t i o n  of the  e f f e c t  of ex terna l  flow on t h e  reverse  c o e f f i c i e n t  
was conducted on a s i m p l i f i e d  model of t h e  r e v e r s e r ,  descr ibed above (54, 
Chapter I V ) .  
ed with a diaphragm. Tes ts  showed t h a t  t h e  negat ive t h r u s t  o f  t h e  nozzle  
rose somewhat with i n c r e a s e  i n  v e l o c i t y  of e x t e r n a l  f low. The r ise  i n  e x t e r -  
nal  t h r u s t  with i n c r e a s e  i n  v e l o c i t y  is  explained by t h e  induct ion  o f  r a r e -  
f a c t i o n  along the  e x t e r n a l  s u r f a c e  of  t h e  conical  p a r t  of  the nozzle ly ing  be- 
yond the  d e f l e c t i n g  s c r e e n s .  The appearance of  r a r e f a c t i o n  a t  the t a i l  end 
of  the  nozzle i s  assoc ia ted  with angl ing o f  the  reverse  s t ream by t h e  ex terna l  / I72 
flow: t h e  s t reaml ines  of the  reverse  flow become t w i s t e d '  and a pressure  d i f -  
ference shows up a t  t h e  e x t e r n a l  and i n t e r n a l  margins of  t h e  s t ream , which 
equal izes  the  c e n t r i f u g a l  forces  induced i n  the motion o f  p a r t i c l e s  along t h e  
curved s e c t i o n s  of  the  t r a j e c t o r i e s .  The i n c r e a s e  i n  e x t e r n a l  r e s i s t a n c e  of 
the engine n a c e l l e  t h a t  shows up with t h e  appearance of  a reverse  s t ream swept 
along by the  flow can b e  viewed as an increase  i n  negat ive t h r u s t  of the  noz- 
z l e .  

I n  p l a c e  of  t h r o t t l i n g  t i l t i n g  vanes, t h e  gas duct w a s  p a r t i t i o n -  

The values o f  t h e  reverse  c o e f f i c i e n t  obtained f o r  d i f f e r e n t  s t reaml in ing  
v e l o c i t i e s  without allowing f o r  t h e  i n l e t  impulse are shown i n  Figure 6.1 i n  
t h e  form of  experimental  p o i n t s .  

= 0) and when t h e  e x t e n t  of  p r e s s u r e  reduct ion IT* = 2 . 0 ,  t h e  reverse  
c o e f f i c i e n t  E 
the  reverse  c o e f f i c i e n t  rose  t o  0.65, t h a t  i s ,  by 8.5%. The increase  i n  t h e  
reverse  c o e f f i c i e n t  was observed a l s o  f o r  o t h e r  values o f  n* Based on 

t h e  r e s u l t s  of  nozzle t e s t i n g  i n  t h e  presence of e x t e r n a l  flow the  values of  
engine reverse  c o e f f i c i e n t  were ca lcu la ted  with account taken o f  i n l e t  

Thus, i n  the  absence of e x t e r n a l  flow (VH = 

nozzle 
= 0 . 6 .  When the  v e l o c i t y  of the ex terna l  flow i s  45-60 m/sec, r e v  

no z z l  e ' 

r e v  
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impulse f o r  d i f f e r e n t  VH va lues .  

the  f i g u r e  with s o l i d  l i n e s .  
with increas ing  a i r c r a f t  v e l o c i t y .  

the  reverse  c o e f f i c i e n t  

l a r g e r  than the  d i r e c t  t h r u s t  produced by the engine.  

The r e s u l t s  o f  the ca l cu la t ion  is shown i n  

The reverse  c o e f f i c i e n t  of t he  engine increases  

= 0.6,  when V = 60 m/sec Frev = 1.05,  t h a t  i s ,  

Thus, while  when IT* = 1.9 and VH = 0, nozzle  

rev  H 

Figure 6.1.  Reverse Coeff ic ien t  

and Frev as Functions of the Extent of 

Pressure Reduct ion f o r  Di f fe ren t  Ex- 
ternal  Flow Ve loc i t i e s :  0, VH = 0 

m/sec; 0 ,  VH = 15 m/sec; 0 ,  V H  = 3a 

m / s e c ; n ,  V H  = 45 m/sec$ A,  Y,, = 

rev 

52. Flow Pas t  a Model o f  a Nozzle /173  
Equipped  w i t h  a Reverser 

Side-by-side with i n v e s t i g a t -  
i ng  c h a r a c t e r i s t i c s  of  r eve r se r s ,  
s tudy of t h e  propagation of the  r e -  
verse  of  s t ream i n  the  ex te rna l  
flow, whose ve loc i ty  va r i e s  from 
zero t o  the  a i r c r a f t  landing velo-  
c i t y  (wind ve loc i ty )  i s  of  g r e a t  
i n t e r e s t .  The region of  reverse  
s t ream propagation depends on the  
r a t i o  of t he  v e l o c i t y  i n  the s t ream 
t o  t he  v e l o c i t y  of the ex te rna l  
flow. 

The reverse  stream impinging 
the  a i r p o r t  must no t  e r rode  the  
a i r p o r t  paving and, spreading along 
the ground su r face  forward and t o  
the s i d e  m u s t  not  be inges ted  i n t o  
the  a i r c r a f t ' s  a i r  scoops o r  r e -  
duce v i s i b i l i t y  from the p i l o t ' s  
cab i n .  = 60 m/sec. 

The p a t t e r n  of reverse  flow propagation can be s tud ied  on models of r e -  
versers  i n  wind tunnels  t h a t  model t he  ex te rna l  flow when an a i r c r a f t  is land- 
ing .  
and 6 . 3  i n  the  form of l i n e s  of equal values  of t he  r a t i o  V = V/VH of l o c a l  

ve loc i ty  t o  the  ve loc i ty  of  the  unperturbed flow streaming p a s t  t he  model. 

Veloci ty  flows i n  the  v i c i n i t y  o f  t he  r e v e r s e r  a r e  shown i n  Figures 6 .2  

The r eve r se r  cons i s t s  of a c y l i n d r i c a l  nozzle  48 mni i n  diameter,  two win- 
dows symmetrically pos i t ioned  i n  the l a t e r a l  walls of t h i s  s t r u c t u r e .  Deflect- 
Screens with a subtended angle of 120" a r e  loca ted  i n  the  windows. 

Veloci ty  f i e l d s  a r e  determined by means of  a comb with T-shaped f i t t i n g s  
i n s e n s i t i v e  t o  downwash up t o  t15".  When measurements were made i n  the  r e -  /174 
verse stream zone the  f i t t i n g s  were not  o r i en ted  along the  stream, the re fo re  
a l l  r e s u l t s  r e l a t i n g  t o  severe ly  tor tuous s e c t i o n s  of t h e  stream m u s t  be  view- 
ed as approximate. Owing t o  symmetrical s t reaming p a s t  the  model, the  velo-  
c i t y  f i e l d s  a r e  represented only i n  one-quarter  o f  t h e  coordinate p lane  
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pos i t ioned  perpendicular ly  t o  the nozzle a x i a  a t  d is tances  x = 0 ,  260 and 550 
mm from t h e  e x i t  area of  t h e  j e t  nozzle  and a l s o  i n  t h e  upper h a l f  o f  t h e  
plane Iyx passing through t h e  nozzle a x i s .  

Figure 6 . 2 .  

w h e n  t h e  Velocity o f  t h e  External Flow V = 40 m/sec and t h e  Extenf of Pres- 

s u r e  Reduction i n  t h e  Reverser .n;f = 1.9 f o r  Di f fe ren t  Distances From t h e  
Nozzle. 

Velocity F i e l d  v =  V / V  i n  t h e  Reverse Stream i n  t h e  Plane yz 
H 

H 

nozz 1 e 

Figure 6 . 3 .  Velocity F i e l d s  i n  t h e  Reverse 
Stream i n  t h e  Plane yx When t h e  External 
Flow Velocity V,, = 40 m/sec: - , When 
71 ;f = 1.9; - .  - .  - - 9  71 ;L = 2.5; nozzle nozz 1 e 

-, Stream Axis. - _ - -  

The e x t e n t  o f  pressure  
reduct ion i n  t h e  nozzle was 
Tl*  = 1 . 9 ,  t h a t  i s ,  t h e  

gas escape r a t e  from t h e  noz- 
z l e  was close t o  t h e  speed o f  
sound. With increas ing  sep- 
a r a t i o n  from t h e  nozzle t h e  
v e l o c i t i e s  i n  t h e  en t ra ined  
reverse  s t ream become equal- 
i z e d  and t h e  stream widens. 
I n  d i r e c t  proximity t o  t h e  de- 
f l e c t i n g  screen  e x i s t  regions 
with nega t ive  v e l o c i t i e s .  

nozz le  

A reduct ion i n  t h e  velo- 
c i t y  o f  t h e  unperturbed flow 
o r  an i n c r e a s e  i n  t h e  e x t e n t  
o f  p r e s s u r e  reduct ion (dash - 
dot  l i n e  i n  Figure 6.3) 
leads t o  an enlargement of t h e  

region occupied by t h e  reverse  stream. 
somewhat f u r t h e r  ahead. 

The stream i n  this  case penet ra tes  
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The l i n e  of  minimum v e l o c i t i e s  can be c a l l e d  the  axis of  t he  reverse  
s t r e a n .  The ax i s  of the  stream a t  a considerable  d i s t ance  from the  nozzle is 
not  p a r a l l e l  t o  the nozz le  a x i s ,  t h a t  i s ,  the  reverse  stream r e t a i n s  v e r t i c a l  
escape ve loc i ty  components from the  screen .  

I f  we look a t  the  ve loc i ty  p r o f i l e  i n  the  upper s t ream r e l a t i v e  t o  t h e  
ax is  i n  a nondimensional form, then it tu rns  out  t h a t  the  shape of t he  velo-  
c i t y  p r o f i l e  is  p r a c t i c a l l y  independent on the  d i s t ance  from the  nozzle  e x i t  
s e c t i o n ,  o r  on the  v e l o c i t y  of t he  ex te rna l  flow. Figure 6 .4  presents  a pro- 
f i l e  of dimensionless v e l o c i t i e s  i n  the en t r a ined  reverse  s t ream. As dimen- /175 
s i o n l e s s  va r i ab le s  the  following were taken:  t he  r a t i o  VH - V/VH - Vmin and 

y - yo/y '  - yo,  
coordinate y ; 
from nozzle  ax i s  t o  s t ream axis ;  y '  = d i s t ance  from nozzle  ax i s  t o  the  p o i n t  
a t  which the  ve loc i ty  i s  equal  t o  t h e  half-sum o f  t h e  v e l o c i t i e s  V 

/ 2 ,  
t o  the s i m i l a r i t y  of the  p r o f i l e  i n  the  wake a f t e r  a body e x i s t s  113. 

where V = r a t e  of impinging flow; V = ve loc i ty  a t  po in t  with 

= ve loc i ty  a t  stream axis  i n  a given sec t ion ;  y = d i s t ance  
H 

'min 0 

H + 'min' 
Consequently, i n  t he  reverse  stream s i m i l a r i t y  of  v e l o c i t y  f i e l d s  similar 

Beyond the bounds of  the 
reverse  stream it is convention- 
a1 t o  take a l i n e  along which 
the  v e l o c i t y  i s  equal t o  the  
v e l o c i t y  of the  unperturbed 
flow, t h a t  i s ,  v =  1 .0 .  

VH-O 

0'5 
A photograph of stream- 

l i n i n g  of t he  reverse  s t ream 
is shown i n  Figure 6.5 f o r  two 
values  o f  ex te rna l  flow velo-  
c i t y  VH = 29 and 38 m/sec. 

r a t i o  of  t he  reduced escape 
v e l o c i t y  from the screen  X 2  t o  

The Y - Yo 7,s ~ Y'- Y o  
0 Of5 t o  

Figure 6 . 4 .  P r o f i l e  of Dimensionless 
Veloc i t ies  in the Reverse Stream When t he  v e l o c i t y  o f  the impinging 
71 ;k = 1 .g :  stream AH is, r e spec t ive ly ,  

",/= GO m/seco - x--~Gn mi; o - X=Z<O m c :  v I I -  40  mf sec ;  We can s e e  
0 - x- 0 .I,.M; - .r= 260 x x :  I',, -- 27 

nozzle - 
X 2  = 4.8 and 3.6.  

t h a t  the  stream pene t r a t e s  f o r -  
ward seve ra l  nozzle c a l i b e r s  
and becomes g r e a t l y  d i l a t e d .  

The d i s t ance  from the  nozzle  axis t o  the  margin of t he  reverse  stream and 
the  d i s t ance  t o  which t h e  stream pene t r a t e s  forward Xmeasured i n  c a l i b e r s  of 
a c r i t i c a l  nozzle  s e c t i o n ,  vary l i n e a r l y  as a func t ion  of t h e  r a t i o  of  the 
reduced v e l o c i t i e s  "r2 (Figure 6 .6 ) .  Here the  boundaries of the stream, de t e r -  

mined from photographs of  stream propagat ion i n  the  impinging flow, agree wel l  
with the boundaries determined from changes i n  t h e  v e l o c i t y  f i e l d s ,  where the  

m/s ec ;e --x = o  .1:.1t: 0 - X - i  

- 2 G O  X N ;  A-.t--.5fjO .IC.U 

- /176 
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l i n e  v = 1.0  i s  taken as t h e  boundary. A t  small  and high degrees of pressure  
reduct ion i n  t h e  nozzle ,  t h e  r e s u l t s  psoved t o  be similar f o r  t h e  same r a t i o s  
o f  reduced v e l o c i t i e s .  This betokens t h e  small  in f luence  o f  compress ib i l i ty  
on screen  dimensions. 
verse  stream i n  the  impinging flow can b e  conducted without  s e t t i n g  up f u l l -  
s c a l e  conditions as t o  p r e s s u r e .  
s i m i l a r i t y  of  the  reduced v e l o c i t i e s  i n  the  reverse  stream and t h e  impinging 
flow m u s t  b e  r e t a i n e d .  

Consequently, many s t u d i e s  of propagat ion of t h e  re- 

I n  tests,  geometric s i m i l a r i t y  and the  

Figure 6.5.  External Flow Pas t  an 
Isolated Nozzle E q u i p p e d  w i t h  a Reverser: 
a ,  V = 29 m/sec, X 2  = A / A  H 2 H  
V 

- 
= 4.8; b ,  

= 38 m/sec, h2 = 3 . 6 .  H 

I f  t h e  nozzle is o r i e n t e d  
a t  some angle o f  a t t a c k  t o  the  
impinging flow, then t h e  sym- 
metry of  propagation o f  reverse  
streams i s  v i o l a t e d .  From t h e  
s i d e  of increased  engine stream 
e x i t  angle ,  measured from the  
d i r e c t i o n  VH, t h e  reverse  stream 

propagates more towards t h e  s i d e  /177 
from the nozzle ,  and from t h e  
s i d e  of reduced engine stream 
e x i t  angles t h e  reverse  s t ream 
propagates more i n  t h e  forward 
d i r e c t i o n .  A f t e r  t h e  reverse  
stream has been r o t a t e d  by 
e x t e r n a l  flow t h e i r  d i r e c t  
approximates t h e  d i r e c t i o n  
the  impinging flow. 

The e f f e c t  of t h e  ang 
which t h e  s t ream e x i t s  fro 

t h e  
on 
o f  

e a t  
t h e  

d e f l e c t i n g  screens  on the  form 
and dimensions of t h e  reverse  
s t ream ent ra ined  by t h e  flow are 
shown i n  Figure 6.7.  The l i n e s  
o f  equal v e l o c i t i e s  i n  the  r e -  
verse  s t ream cross-sec t ion  i n  
the p l a y  xy where z = 0 ,  p l o t t e d  
i n  the  f i g u r e  were obtained f o r  
escape from screens  t h a t  had a 

design angle o f  vanes a t  the e x i t  p o i n t  o f ,  r e s p e c i i v e l y ,  37", 55" and 90".  
In  t h i s  case the  length o f  t h e  screen  w a s  var ied  i n  such a way t h a t  consump- 
t i o n  through the r e v e r s e r  remained unchanged. 
only owing t o  devia t ions  i n  t h e  value o f  losses  i n  the screens t h a t  had d i f -  
f e r e n t  angles B . A s  t h e  s t ream e x i t  angle was increased ,  t h e  t ransverse  

dimensions of t h e  reverse  stream i n i t i a l l y  r o s e ,  b u t  then decreased. 
depth of  stream p e n e t r a t i o n  forward decreased with increase  i n  s t ream e x i t  
angle and is  equal t o  zero f o r  escape perpendicular  t o  the  impinging flow. 

The escape v e l o c i t i e s  d i f f e r e d  

vane 
The 
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Figure 6.6.  Distance by Which the  Reverse Stream Penetrated Forward 7 and 
upward i n  Cal ibers  of t h e  C r i t i c a l  Nozzle Cross-section as a Function of 
the Ratio of t h e  Reduced Veloc i t ies  f o r  Di f fe ren t  Degrees of Pressure Reduc- 
t i o n .  

0 , 71" nozzle = 1.5;  0 ,  "nozzle  - 1 . 9  
Boundary of t h e  Stream Judging from Photographs:n , w k  
= 1 .12 .  

Distance up  t o  the  L i n e  v =  . O ;  x ,  r;: nozzle = 1.05; 0, R;\ nozzle = 1 . 1 2  

= 2.5.  Distance up t o  t h e  - -L 

A, n"ozzle 
= 1 . O 5 ; r y  T : ~ ~ ~  nozz 1 e 

From the viewpoint o f  t he  arrangements on the  a i r c r a f t ,  the  s u b s t a n t i a l  
pene t ra t ion  o f  the  s t ream forward can be de t r imenta l .  
r eve r se r  is loca ted  i n  the  wing, then the re  i s  the  p r o b a b i l i t y  t h a t  the  gases 
w i l l  be  thrown i n t o  the  engine i n l e t .  Addi t iona l ly ,  the  reverse  s t ream ex tend  
ing  c lose ly  over the  wing can b r ing  about s u b s t a n t i a l  change i n  c i r c u l a t i o n  
over the  wing. For the  case when the  r e v e r s e r  i s  i n s t a l l e d  i n  the t a i l  end of  
the  fuse lage  heated gases can reach the  t r a i l i n g  edge of t he  wing and the lan& 
ing  s t r u t ,  which w i l l  r e s u l t  i n  t h e i r  hea t ing .  Therefore ,  f o r  i d e n t i c a l  values 
of reverse  c o e f f i c i e n t s  preference m u s t  be  given t o  the reversers  t h a t  have 
l a rge  angles of stream e x i t s .  

For example, i f  the  

Increas ing  screen  length f o r  a given Bvane l eads  t o  v a r i a t i o n s  i n  the  

momentum i n  the  reverse  s t ream owing t o  an inc rease  i n  gas consumption and a l so  
has the  same e f f e c t  on stream dimensions as an inc rease  of the  v e l o c i t y  a t  
which t h e  stream escapes from the  screen  o r  a decrease i n  the ve loc i ty  of  t h e  
impinging flow (Figure 6 .8) .  
ab le  inc rease  i n  screen  length w i l l  l ead  t o  a sharp change i n  reverse  s t ream 
shape and dimensions. Doubling screen length b r ings  about an approximately 
1 . 2  times g r e a t e r  i nc rease  i n  reverse  stream width.  
t h e  f a c t  t h a t  t he  momentum i n  the  reverse  s t ream i s  propor t iona l  t o  the  l i n e a r  

We can a l so  d iscern  from the  f igu re  t h a t  a s i z e -  

This i s  accounted f o r  by 
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dimension (screen l e n g t h ) ,  b u t  t h e  momentum o f  the  e x t e r n a l  flow a c t i n g  on t h e  /180 
reverse stream is propor t iona l  t o  t h e  square o f  t h e  reverse  s t ream radius .  

- 
71 

I 
I30 200 ZOO 400 X FlM 

Figure 6 .7 .  Form of Reverse Stream i n  t h e  Plane yx w h e n  t h e  External Flow 
Velocity V,, = 40 m/sec and f o r  Di f fe ren t  Des ign  Angles of Vanes i n  Deflecting 

Screens,  7~;: = 1.9. nozzle 

When the number o f  channels i n  the  screen  is increased  from z = 2 t o  z = 
= 7 and when t h e r e  i s  a corresponding i n c r e a s e  i n  consumption a f t  of t h e  nozzle, 
a region appears where t h e  v e l o c i t i e s  i n  absolute  value are g r e a t e r  than the  
v e l o c i t y  of the  unperturbed flow. I n  t h e  p lane  y,z these  regions g i r d l e  the  
zone o f  reduced v e l o c i t i e s  ( c f .  Figure 6 . 9 ) .  The upper p a r t  of t h e  reverse  
stream, t h e  region of  increased  v e l o c i t i e s  rap id ly  disappears ,  and along t h e  
s i d e s  of  t h e  reverse  streams these  regions can be t r a c e d ,  a t  low externa l  flow 
v e l o c i t i e s ,  f o r  s i z e a b l e  d is tances  from the  nozzle .  

Consequently, t h e  reverse  stream n o t  only is  r e t a r d e d  by the  oncoming 
stream, b u t  i s  a l s o  r o t a t e d  rearward, r e t a i n i n g  a h i g h e r  v e l o c i t y  than t h e  
v e l o c i t y  o f  t h e  impinging stream. 

Photographs of  t h e  reverse  s t ream i n  t h e  presence of a screen  modeling 
the  "ground" a r e  shown i n  Figure 6.10. 
along the s i d e s  and i n  t h e  forward d i r e c t i o n  upon s t r i k i n g  aga ins t  t h e  screen.  
Propagation of  t h e  s t ream along t h e  screen depends on t h e  r a t i o  o f  the reduced 
v e l o c i t i e s  y2 of  escape from t h e  nozzle  and o f  t h e  impinging flow, and a l s o  

depends on the angle a t  which t h e  s t ream e x i t s  from the r e v e r s e r ,  
t e r n a l  flow v e l o c i t i e s ,  the s t ream reverbera t ing  from the screen  envelopes t h e  
nozzle from t h e  top and p e n e t r a t e s  f a r  forward. 

The stream escaping downward spreads 

A t  low ex- 

Increasing t h e  stream e x i t  
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angle  w i l l  l ead  t o  a reduct ion of reverse  stream propagat ion along t h e  screen ,  
as can b e  seen from comparing Figure 6.10a (6 = 55") and Figure 6.10 b 

('vane 

/181 

vane 
= 90") .  

9 3 .  F l o w  Pas t  a Model of an A i r c r a f t  E q u i p p e d  W i t h  a Reverser 

Figure 6 .11  p r e s e n t s  the scheme of  a i r c r a f t  model placement i n  a wind. 
tunnel wi th  an exposed working s e c t i o n .  I n  t h i s  case one of  two engines lo-  
cated i n  t h e  wings o f  the a i r c r a f t  n e a r  the fuse lage ,  one wing, and a l l  o f  t h e  
t a i l  assemblies are modeled. Compressed a i r ,  modeling t h e  reverse  stream i s  
fed  t o  t h e  nozzle  along t h e  tube t h a t  has a f l e x i b l e  s e c t i o n  i n  order  t h a t ,  
when t h e  angle of  a i rcraf t  a t t a c k  i s  v a r i e d  t h e  angle between t h e  fuselage 
ax is  and t h e  engine n a c e l l e  w i l l  remain unchanged. The model is  secured t o  /182 
t h r e e  supports  t h a t  make i t  p o s s i b l e  t o  vary t h e  a i r c r a f t ' s  angle of  attack. 

Figure 6.12 p r e s e n t s  t h e  v e l o c i t y  f i e l d  i n  t h e  reverse  stream f o r  a 4" 
angle of  a t t a c k  of  the model a i rcraf t  i n  t h e  absence o f  the screen  modeling 
"ground". Used as the angle  of  a t t a c k  of  t h e  a i rcraf t  model was t h e  angle 
between t h e  d i r e c t i o n  of  t h e  ex terna l  flow ( a x i s  o f  pipe)  and horizon l i n e  of 
t h e  a i r c r a f t ' s  fuse lage .  The r e s u l t s  of  measuring t h e  v e l o c i t y  f i e l d s  are /183 
given i n  t h e  flow system o f  coordinates .  The o r i g i n  of coordinates l i es  a t  
the  a i r c r a f t ' s  cen ter  o f  g r a v i t y ,  and the  axis z i s  d i r e c t e d  toward the  s i d e  
of  t h e  semiwing on which t h e  nozzle  model is mounted. 
p l o t s  of fuse lage  c ross -sec t ions  and t h e  cont ro l  s u r f a c e  planes p a r a l l e l  t o  
the  p lane  yz f o r  the  corresponding values of t h e  coordinate  x .  
of t h e  p lane  x = 230 mm the  p r o j e c t i o n  of t h e  nozzle  i s  shown a r b i t r a r i l y ,  
s i n c e  i t  does not  extend i n t o  the s e c t i o n .  

The graphs a l s o  present  

I n  the  s e c t i o n  

As i n  the  case of flow p a s t  an i s o l a t e d  nozzle ,  as the  impinging flow 
ve loc i ty  r i s e s  t h e  region i n  which t h e  reverse  stream propagates becomes nar -  
rower. Since t h e  reverse  nozzle i s  loca ted  a t  an angle both  with respec t  t o  
t h e  fuse lage  as well  as t o  the  wing chord, t h e  reverse  stream is not  symmetri- 
cal r e l a t i v e  t o  the  h o r i z o n t a l  coordinate p lane ,  b u t  i s  somewhat s h i f t e d  down- 
ward. 
t h e  stream more s t r o n g l y  than the  upper. 

The presence of c i r c u l a t i o n  around t h e  wing d i s t o r t s  t h e  lower p a r t  of 

The v e l o c i t y  n e a r  t h e  t a i l  assembly, with v a r i a t i o n  i n  the  v e l o c i t y  o f  
t h e  impinging flow from 15 t o  55 m/sec, changes b u t  s l i g h t l y .  
does e x i s t  a v e l o c i t y  gradient wi th in  the  framework of  the  t a i l  assemblies.  
With a s t r o n g  s i d e  wind t h i s  v e l o c i t y  grad ien t  can l e a d  t o  the  induct ion o f  
asymmetrical load on t h e  t a i l  assemblies.  

However, t h e r e  

The v a r i a t i o n  i n  the  flow r a t e  a t  the  t a i l  assembly assoc ia ted  with c h q e / 1 8 4  
i n  t h e  a i r c r a f t ' s  angle  of a t t a c k  is l i m i t e d .  
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F i g u r e  6.8. 
Velocity V H  = 40 m/sec and  for  Different Numbers z of Channels i n  the Deflect- 

Form of Reverse Stream i n  the Plane of yx fo r  an External Flow 

ing Screen, T$ = 1 . 9 .  nozzle 



Y 

x =rouw 

F igu re  6.9. V e l o c i t y  F i e l d s  i n  the  Reverse Stream I n  the Plane y z  f o r  an Ex- 
t e r n a l  Flow V e l o c i t y  V = 40 m/sec and f o r  D i f f e r e n t  Distances from the  Noz- 

z l e .  The Number o f  Channels i n  the  Screen z = 7, the  Design Angle o f  the  
H 

Screen Vanes Bvane = go", and r:k = 1.9. nozz 1 e 

F igu re  6.10. Reverse Stream Subjected t o  S t reaml in ing  by t h e  Ex te rna l  Flow 
i n - t h e  Presence o f  a Screen Model ing "Ground": a, VH = 65 m/sec; X2 = 4.75; - 

= 55"; b y  V = 65 m/sec; A 2  = 4.75; 'vane H 
= go". 
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P i p e  Axis 

Axis of Model 

- - ____ 

Figure 6.11. 
ve r se r ,  i n  a Wind T u n n e l .  

Pos i t ion ing  Scheme o f  a Model of an A i r c r a f t  Equipped w i t h  a Re- 

Rela t ive  ve loc i ty  f i e l d s  i n  a study o f  the  a i r c r a f t  model c lose  t o  
"ground" a r e  shown i n  Figure 6.13.  

m/sec, the reversed s t ream s t r i k e s  t h e  "ground" and spreads along i t .  A t  high 
v e l o c i t i e s  the reverse  s t ream i s  s i t u a t e d  between "ground" and the wings and 
s l i g h t l y  spread along the  l a t t e r .  Ve loc i t i e s  a r e  lower a t  the  t a i l  assembly 
than f o r  t e s t s  without  a sc reen .  Below Table 5 lists values o f  the r e l a t i v e  
ve loc i ty  a t  the ho r i zon ta l  cont ro l  su r f aces  obtained from t e s t i n g  an air-  
c r a f t  model. 

When the ex te rna l  flow ve loc i ty  VH - < 50 

A t  low ex te rna l  flow v e l o c i t i e s  the lower s t ream extends out  from under 
the  wing and envelopes it from above. 
dust  from t he  a i r p o r t  t o  the  engine 's  a i r  i n t ake  i s  poss ib l e .  

In  t h i s  case discharge of gases and /185 
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F i g u r e  6 .12 .  Veloc 
Reverse Stream of a 
i n  t h e  Wing of an A 

= 40 m/sec, TP: nozzl e 
A i r c r a f t ' s  A n g l e  of 

15 0.65 0.40 0.70 
25 0.70-0,75 - 0,70-0.80 
40 0.75-0.80 0.55-0.70 0,60-0.75 
55 0.70-0,80 0.45-0.70 0.55-0.80 

t y  Fields  i n  t h e  
Nozzle Mounted 
r c r a f t  When VH = 

= 1.9,  and t h e  

Attack a = 4". 

- - - 
0.50 0.68 O3 50-0.60 

0.55-0.70 0.65-0,80 0.50--1J.50 
0.47-0,70 0,50-0,65 O.-lj-O,fiO 

F igure 6.13. Veloci ty  F i e l d s  i n  the 
Reverse Stream of a Nozzle Mounted 
on t h e  Wing of an A i r c r a f t  When the 
A i r c r a f t  i s  R u n n i n g  Along "Ground" 

= 4". 
V H  = 40 m/sec, T ; ~ ~ ~ ~ ~  = 1.9,  a = 

In  o rde r  t o  reduce the  probabi l -  
i t y  of  i nges t ion  o f  t he  stream re -  
f l e c t e d  from the  ground i n t o  the  
engine ' s  i n l e t ,  the  reverse  s t ream 
can be angled t o  one s i d e  away from 

the  fuse lage .  
by means of a s p e c i a l  sc reen  of  vanes: first i n  the  v e r t i c a l  plane pass ing  
through the  nozzle a x i s ,  and then i n  the  p lane  perpendicular  t o  the  nozzle  a x i s  

For example, double angl ing of  t he  stream can be accomplished 

TABLE 5.  

The ve loc i ty  f i e l d s  f o r  this case a r e  given i n  Figure 6.14 f o r  a i r c r a f t  
p a s t  which an unbounded flow streams, and i n  Figure 6.15 f o r  t h e  a i r c r a f t  c lo se  

158 



t o  "ground". 
plane running 

F i g u r e  6 . 1 4 .  Velocity F i e l d s  i n  t h e  Reverse Stream Addit ional ly  Deflected 
Toward t h e  Wing T i p  by an A n g l e  of 30": ~ ~ ~ 4 0 ~ : ~ ~ ~ .  ; 1 * - ~ , 9 .  

V Md 

We can s e e  from t h e  
f i g u r e s  t h a t  the  center  of 
t h e  reverse  s t ream is s h i f t -  
ed by some d is tance  from 
t h e  fuse lage  compared with 
t h e  e a r l i e r  examined velo-  
c i t y  f i e l d s  i n  s i m i l a r  
s t ream cross  - sec t ions .  By 
t h e  t a i l  assembly t h e  velo-  
c i t i e s  v a r i e d  only s l i g h t l y .  

F i g u r e  6.15. Velocity F i e l d s  i n  t h e  Reverse 
Stream Addit ional ly  Deflected to t h e  Wing T i p  
by an Angle o f  30", f o r  Travel Along t h e  
"Ground": v, =40 .r/cex. E * 3 ~ . g ,  *=40 

Angling t h e  way of  t h e  /186 
stream l e d  t o  the s i t u a t i o n  - 
i n  which i t  was propagated 
along the "ground" not  under 
t h e  fuse lage ,  b u t  under t h e  
wing i n  which t h e  reverser 
was loca ted .  Here t h e  velo- 
c i t y  o f  the a i r c r a f t  a t  
which the  start  of p o s s i b l e  
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i nges t ion  of gases i n t o  t h e  engine i n l e t  occurs i s  reduced, and the  amount of 
gases s t r i k i n g  the  engine i s  a l s o  decreased, s i n c e  it is  no t  t he  center  of t he  
stream b u t  only i t s  b l u r r e d  margin s t r i k e s  the air in t ake  zone. 

84. Several Results of Inves t iga t ing  t h e  Turbojet  E n g i n e  Equipped w i t h  a 
Reverser and Experience i n  Final A d j u s t m e n t  of Reversers on an A i r c r a f t  

The b a s i c  problems t h a t  have t o  be solved i n  f i n a l  adjustment of a rever -  
s e r  on an a i r c r a f t ,  as s t a t e d  i n  8 1  of Chapter 111, inc lude  t h e  inges t ion  of 
t h e  reverse  s t ream i n t o  the  engine i n l e t  and the  temperature condi t ions of t h e  
a i r c r a f t  s t r u c t u r a l  assemblies c lose  t o  the  reverse  stream. 

The opera t ing  condi t ions of an engine equipped with a r eve r se r  depends 
However, r e ly ing  on q u i t e  heavi ly  on the  engine ' s  l oca t ion  i n  the a i r c r a f t .  

t he  example of  a number of s t u d i e s  i t  appears p o s s i b l e  t o  o u t l i n e  seve ra l  gen- 
e r a l  p r i n c i p l e s .  

NASA (United S t a t e s )  has conducted s t u d i e s  [33] of  a hemispherical  r e -  1187 - ver se r  loca ted  af t  of t he  j e t  nozzle  e x i t  o f  an engine i n s t a l l e d  i n  the engine 
nace l l e  on the  B-47 (Figure 6.16) .  I f  the  a i r c r a f t  i s  immobile (Figure 6 .17) ,  
then i n  the  course o f  cu t t i ng - in  the  r eve r se r ,  owing t o  inges t ion  of the r e -  
verse  s t ream i n t o  the engine i n l e t  the  i n l e t  temperature climbs r ap id ly ,  and 
does S O  t o  a g r e a t e r  ex ten t  the h igher  the engine rpm s e t t i n g .  
the  i n l e t  temperature continues t o  r i s e  slowly, a s soc ia t ed  with inc rease  of t h e  
temperature over the e n t i r e  g a s - a i r  duct of the  engine.  

Subsequently, 

In  the  landing run of 4 
the  a i r c r a f t ,  t he  i n l e t  temp- 
e r a t u r e  remains unchanged as 
the  r eve r se r  i s  cu t - in  (Fig.  
6 .18) .  This means t h a t  some 
of  t he  gas de f l ec t ed  i n  t h e  
reverse  d i r e c t i o n  i s  swept 
along by the oncoming flow 
and does not  e n t e r  i n t o  the  
engine i n l e t .  When the  r e -  
v e r s e r  has been f u l l y  cu t - in ,  
some t i m e  has e lapsed during 
which the  reverse  stream does 
no t  e n t e r  the i n l e t  and the 
i n l e t  temperature remains 

F i g u r e  6.16. i n s t a l l a t i o n  of a Hemispherical cons tan t .  Then, as the a i r -  
Reverser on an A i r c r a f t  [33] .  1 ,  Engine c r a f t  slows down an i n t e n s e  
Nacelle;  2 ,  Reverser; 3 ,  Pylon; 4 ,  A i r c r a f t  temperature r i s e  s e t s  i n .  
Wing; 5 ,  Screen. For a given placement o f  an 

engine on an a i r c r a f t  and 
when it operates  a t  maximum 

As t he  rpm s e t t i n g  goes down we 
regime, the reverse  s t ream does not e n t e r  i n t o  the  i n l e t  i f  the a i r c r a f t ' s  
landing run speed is  g r e a t e r  than 115 km/hr. 
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observe a t rend  toward a reduct ion i n  maximum i n l e t  temperature; a decrease i n  
t h e  landing run v e l o c i t y  a t  which the  reverse stream e n t e r s  i n t o  t h e  i n l e t  is 
a l s o  graphica l ly  ev ident .  This l a t t e r  f a c t  i s  assoc ia ted  with a decrease i n  
the  long ranging s t a t u s  of t h e  stream as the engine r p m  s e t t i n g s  a r e  reduced 
and is i n  accord with t h e  r e s u l t s  given i n  52 o f  t h i s  chapter .  A r i s e  i n  t h e  
i n l e t  temperature leads t o  compressor s t a l l i n g  and reduces t h e  reverse  t h r u s t  
o f  t h e  engine and t h e  braking e f f e c t  o f  t h e  r e v e r s e r .  The i n a c c e p t a b i l i t y  o f  
exceeding some f i x e d  temperature a t  t h e  i n l e t  l i m i t s  t h e  t i m e  during which t h e  
t h r u s t  can be reversed.  A t  a s p e c i f i c  landing run v e l o c i t y  t h e  r e v e r s e r  must 
be cut-out or t h e  engine m u s t  b e  switched over  t o  a lower rpm s e t t i n g .  Thus, 
f o r  example, t h e  opera t ing  time of the r e v e r s e r  i n s t a l l e d  i n  t h e  Avon Rolls-  
Royce t u r b o j e t  engine on t h e  De Havilland Comet I V  a t  an r p m  s e t t i n g  o f  approx- 
imately 0.5 o f  maximum is 15 sec. 

/188 

The minimum landing run 
v e l o c i t y  a t  which the  reverse  
stream s t i l l  does not  s t r i k e  
i n t o  t h e  engine i n l e t  depends 
on a m u l t i p l i c i t y  of f a c t o r s  
assoc ia ted  with the  placement 
of  t h e  r e v e r s e r  i n  the  a i r -  
craft .  Figure 6.19, borrowed 
i n  modified form from the 
r e p o r t  1371 gives for s e v e r a l  
a i r c r a f t  equipped with re- 
v e r s e r s  t h e  reverse  c o e f f i -  
c i e n t  as a funct ion of t h i s  
v e l o c i t y  . 

- t J " C  ( t i  n l e t  

/ I  89 - 

Also p l o t t e d  i n  t h e  
graph a r e  t h e  d a t a  of t h e  
works [ 3 3 ] .  We can s e e  t h a t  
these  experimental p o i n t s  

Figure 6 .17 .  Increase i n  Air Temperature a t  l i e  i n  a common band o f  d a t a  
E n g i n e  i n l e t  f o r  a Reversers (Figure 6.16) as c i t e d  by the author  of t h e  
Functions of Time f o r  an Immobile A i r c r a f t ,  r e p o r t  [37], Using t h i s  
a t  Different  E n g i n e  rpm S e t t i n g s :  0, number graph t o  the  very f i rs t  ap- 

-8 -4 0 4 8 s e c  

of rpm, n = n 

0.75nmax;0 n = 0.6nmax; 1 ,  Point  of Total 

- 
max y 

0 ,  n = 0.9nmax; A ,  n = proximation we can form a 
general  i d e a  about t h e  pos- 
s i b i l i t y  o f  using any p a r t i -  

C u t - i n  of Reverser; +,  Point  a t  which Re- c u l a r  r e v e r s e r  on an a i rc raf t  
verser  Cut-out B e g i n s .  

Measurements conducted 
on a f u l l - s c a l e  r e v e r s e s  have 

shown t h a t  the temperature i n  the reverse  stream a t  a d i s t a n c e  o f  1,200 mm from 
t h e  nozz le  a x i s  is reduced down t o  one-third,  b u t  w i t h  f u r t h e r  s e p a r a t i o n  from 
i t  is reduced gradual ly  (Figure 6.20) .  A t  a d i s t a n c e  of  3 m t h e  temperature i n  
t h e  stream is  equal t o  about 150°C. These d a t a  are i n  accord with t h e  r e s u l t s  
of  temperature measurement a t  t h e  screen  p o s i t i o n e d  around the hemispherical  
r e v e r s e r ,  shown i n  Figure 6.21. We can a l s o  see from the  diagram t h a t  
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increas ing  the temperature over  part of the screen  loca ted  a f t  of t he  s h u t t e r s  
of the re;erser is- s l i g h t .  

t i n l e t  O C  

kmfhr 
"landing r u n  

Figure 6.18. A i r  Temperature a t  t h e  
I n l e t  to  an Engine Equipped w i t h  a Re- 
ve r se r  ( F i g u r e  6.16) as Functions of 
t h e  Landing Run Velocity of t h e  A i r -  
c r a f t  f o r  Di f fe ren t  E n g i n e  rpm S e t t i n g s :  
a ,  n = n b y  n = 0.9n * c ,  n = max' max' 
= 0.75nmax. 

Working Pos i t i on ;  3 ,  A t  Cut-off ;  4 ,  
Reverser i n  Gathered Pos i t ion  ( t h e  
Arrow indica tes  t h e  i n i t i a l  moment 
a t  whi ch t h e  reverse stream i s  i n g e s t e d  
i n to  t h e  e n g i n e  i n l e t ) .  

1 ,  A t  C u t - i n ;  2 ,  I n  t h e  

rev 
47 

0.6 

0.5 

0.4 

0.J 

0.1 

0 3 0 6 0 '  
I 1 123 u 1 and km/h i ng r 

r u n  

F i g u r e  6.19. Reverse Coeff ic ien t  
as a Function of Maximum A i r c r a f t  
Landing Run Velocity a t  which the 
Reverse Stream does not Become 
Ingested i n t o  t h e  E n g i n e  I n l e t :  
0, Data of t h e  Report [371; e ,  
Data of the  Report [331. 

To avoid inges t ion  of t he  
reverse  s t ream i n t o  the engine 
i n l e t  and on t o  the  s t r u c t u r a l  

assemblies o f  t he  a i r c r a f t ,  d ischarge o f  gases from the  d e f l e c t i n g  elements 
does not  proceed s t r i c t l y  i n  the  v e r t i c a l  o r  ho r i zon ta l  p l anes .  
ample, t o  provide normal ope ra t ing  condi t ions of t he  wheels and landing s t r u t s ,  
and a l s o  of the fuse lage  on the  Comet I V ,  t he  r e v e r s e r  i s  discharged a t  a 20" 
angle t o  the v e r t i c a l ,  and i n  t h i s  case upwards--to one s i d e  of the  fuse lage .  
On t h e  BAC VC-10 (Great B r i t a i n )  i n  which the  r eve r se r s  a r e  i n s t a l l e d  i n  the  
two outermost Conway RCo. 42 engines of  the fou r  i n s t a l l e d  on pylons i n  the  
r e a r  of the fuse lage ,  the  reverse  streams a r e  emit ted as fol lows:  the upper-- 
i n  the  v e r t i c a l  p lane  and forward a t  an angle o f  45" t o  the horizon,  the  outer -  
most halves  of the  lower s t reams--a t  an angle of 35" t o  the v e r t i c a l  t o  one 
s i d e  of the fuse lage  and forward a t  .an angle of  45", and the inne r  halves of 
the lower-streams--at  an angle  of  20" t o  the v e r t i c a l  t o  one s i d e  of the fuse-  
lage and rearward a t  an angle  of  105". 

Thus, f o r  ex- / l g l  

162 



\ 

F i g u r e  6.21. Dis t r ibu t ion  of Temp- 
e r a t u r e  Along t h e  Stream Si tua ted  
Around t h e  Hemispherical Reverser 
( F i g u r e  6 .16)  When t h e  A i r c r a f t  is 
Taxi i n g  15 s e c .  Af te r  Thrust  Re- 
versa1 a t  n = n 1331. 1 ,  Plane 

Figure 6.20. Temperature i n  Reverse 
Stream as a Function of Distance From 
Nozzle Axis f o r  a Reverser E q u i p p e d  
w i t h  Cyl indrical  Shut te rs  and Deflect-  max 
i n g  Flaps I371  IT"^^^^^ = 2 . 2 ) .  of Symmetry of t h e  Hemispherical 

Reversers ; 2,  l1Forward1'; 3 ,  "Up- 
ward". 

An experiment i n  f i n a l  adjustment 
of a r e v e r s e r  on t h e  Boeing 707 i s  o f  i n t e r e s t  1221.  The i n i t i a l  v a r i a n t  of  
the  r e v e r s e r  was made i n  s i m p l i f i e d  form: t h e  gas duct was t h r o t t l e d  with a 
s e r i e s  o f  s t r i p s  forming a diaphragm; the  d e f l e c t i n g  screens made of  annular  
vanes with a design angle o f  55" a t t h e  e x i t  were covered above and below with 
screens .  Inges t ion  o f  exhaust gases a t  the  engine i n l e t  was observed i n  s t a n d  
t e s t s ,  which l e d  t o  compressor s t a l l i n g .  When a d e f l e c t o r  125 mm high was i n -  
s t a l l e d  on the engine n a c e l l e  ahead o f  t h e  reverser,  t h i s  d id  not  do away with 
'gas inges t ion  i n t o  the  i n l e t .  Framing of  two f r o n t  s e r i e s  o f  vanes, ensuring 
e x i t i n g  of  the stream a t  r igh t -angles  t o  t h e  engine a x i s ,  d i d  prove s u c c e s s f u l .  
The reverse  c o e f f i c i e n t  proved t o  be 0.40-0.45 as compared t o  the  value 0 . 3 0 -  
0.35 requi red  f o r  s a f e  h a l t i n g  o f  the a i r c r a f t .  

The wing o f  t h e  Boeing 707 has a l a r g e  sweepback and the i n n e r  engines 
a r e  s h i f t e d  f a r  forward compared with t h e  o u t e r  engines,  which promotes inges-  
t i o n  o f  the  l e f t  reverse  stream of  t h e  i n n e r  engine i n  the  i n l e t  o f  t h e  o u t e r ,  
and a l s o  forc ing  back of  t h e  r i g h t  reverse  s t ream of the o u t e r  engine by t h e  
l e f t  reverse  stream of  the  inner  engine and the  incurs ion  of  t h e  l a t t e r  i n t o  
the  i n l e t  of the i n n e r  engine.  Tests  o f  these  reversers  i n s t a l l e d  on t h e  two 
l e f t  engines on a pro to type  a i r c r a f t  revealed t h a t  when t h e  reverser of the 
l e f t  o f  the engines opera t ing  a t  low t h r o t t l e  regime is  c u t - i n ,  i n g e s t i o n  of  
the reverse  stream a t  t h e  i n l e t  and compressor s t a l l i n g  o f  t h e  engine i s  ob- 
served f o r  an immobile a i r c r a f t .  
flow has on gas inges t ion  i n t o  the  engine i n l e t ,  the  a i r c r a f t  w a s  a c c e l e r a t e d  

To v e r i f y  the  e f f e c t  t h a t  the  e n t r a i n i n g  
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t o  185 km/hr using the  two r i g h t  engines ,  and then they were s h i f t e d  t o  low 
t h r o t t l e  regime and the  r eve r se r s  of t he  l e f t  engine were cu t - in .  
run ve loc i ty  g r e a t e r  than 150 km/hr, the  exhaust gases d id  no t  s t r i k e !  t h e  eng- 
ing  i n l e t .  A t  lower v e l o c i t i e s  continuous compressor s t a l l  occurred. The i n -  
n e r  engine proved t o  be under worse condi t ions .  
inner  engine was el iminated by varying the  design angle a t  the  e x i t  of  p a r t  of 
the  screen vanes f ac ing  the  i n n e r  engine on t h e  r e v e r s e r  of  the  ou te r  engine,  
which led  t o  a change i n  the  reverse  stream e x i t  angle .  
of the ou te r  engine a t  a landing run v e l o c i t y  g r e a t e r  than 75 km/hr was el imin-  
a t ed  by reworking p a r t  of t h e  inne r  engine screen  vanes. 
from the l e f t  o u t e r  engine w a s  i n s t a l l e d  i n  the  i n n e r  r i g h t  engine,  i nges t ion  
of exhaust gases  i n  engine i n l e t s  w a s  not observed. 

A t  a landing 

Compressor s t a l l i n g  of t he  

Compressor s t a l l i n g  

When the  r eve r se r  

In  t h i s  way i t  was es t ab l i shed  t h a t  i nges t ion  of exhaust gases a t  engine 
i n l e t s  causes engine compressor s t a l l i n g  i n  a few seconds.  In  seve ra l  cases 
severe  compressor s t a l l i n g  developed i n  the  absence o f  an appreciable  r i s e  of  
i n l e t  temperature,  which was a s soc ia t ed  with dis turbance of t he  ve loc i ty  f i e l d  
a t  the  i n l e t .  These t e s t s  showed t h a t  e l imina t ing  inges t ion  of exhaust gases 
a t  an engine i n l e t  must b e  conducted ind iv idua l ly  f o r  each engine and sepa ra t e -  
l y  f o r  each s p e c i f i c  engine layout  on an a i r c r a f t .  

A s  the  r e s u l t  o f  the  f i n a l  adjustment,  a ser ies-produced design of a r e -  
v e r s e r  was developed and the  o rde r  i n  which the  r eve r se r s  a r e  cu t - in  when an 
a i r c r a f t  is landing w a s  drawn up. 
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CHAPTER V I  I 

DEFLECTORS USED I N  TURBOJET E N G I N E S  

5 1 .  Present  S ta tus  of Research and Development of  Deflectors  

The i d e a  of using a jet stream t o  produce a lift fo rce  was born 
simultaneously with t h e  in t roduct ion  of t u r b o j e t  engines t o  a v i a t i o n .  One o f  
t h e  e a r l y  domestic proposa ls ,  made i n  1945, was a scheme of a t u r b o j e t  engine 
incorpora t ing  N .  Y e .  Ki tanin t i l t i n g  nozzles f o r  a v e r t i c a l  t akeoff  and landing 
a i rcraf t .  

/193 

Reports on gas dynamic s t u d i e s  of d e f l e c t o r s  are n o t  numerous. Several  
s t u d i e s  have been publ ished i n  which a v a r i e t y  of  schemes of  d e f l e c t o r s  used 
i n  t u r b o j e t  engines intended t o  produce l i f t  f o r c e ,  cont ro l  and balancing,  e tc .  
moments a r e  examined. The r e s u l t s  of  experimental research on a number of  
schemes of such devices has been publ ished by A .  A .  Svyatogorov and N .  I .  
Khvostov i n  1959. The a r t i c l e  [39] examines schemes of devices f o r  d e f l e c t i n g  
t u r b o j e t  engine j e t  stream, as w e l l  as aerodynamic and design problems of  
b u i l d i n g  d e f l e c t o r s .  Figure 7 .1  p r e s e n t s ,  based on d a t a  i n  the  r e p o r t  [29] 
schemes of  d e f l e c t o r s  t h a t  can b e  used t o  s o l v e  d i f f e r e n t  problems. 
schemes have been developed based on a group o f  p o s s i b l e  f i e l d s  of  a p p l i c a t i o n .  
Natura l ly ,  some judgement about the s u i t a b i l i t y  of  any p a r t i c u l a r  scheme f o r  
s p s c i f i c  needs can be made only af ter  experimental research and design develop- 
ment t h a t  i s  s u i t a b l e  f o r  t h e  given aircraft .  Based on a considerat ion of  t h e  
schemes it  i s  c l e a r  t h a t  t h e  t r a n s v e r s e  f o r c e  can b e  produced i n  two ways: by 
introducing i n t o  the  j e t  stream some surfaces  ( f l a p s ,  s h u t t e r s )  or by angling /194 
the stream forward of t h e  nozzle e x i t  a r e a ,  t h a t  i s ,  by the very same devices 
as a r e  used i n  bui ld ing  negat ive t h r u s t  produced by t u r b o j e t  engines.  
i n  c o n t r a s t  t o  r e v e r s e r s ,  production of  a t ransverse  force  requi res  nonsymmet- 
r i c a l  discharge of gas .  

These 

- 
However, 

Transverse f o r c e  i s  b u i l t  up when t h e  a r e a  of  t h e  j e t  nozzle i s  regula ted  
by advancing a f l a p  i n t o  t h e  p lane  o f  t h e  e x i t  c ross -sec t iona l  area 1431. 
Thrust  losses  a r e  observed when t h i s  i s  done. A s i m i l a r  i d e a  w a s  r e a l i z e d  on 
an experimentally v e r t i c a l l y  l i f t i n g  device "Atar Volain" (France) incorpora t -  
i n g  a t u r b o j e t  engine 1141. The gas cont ro l  sur faces  of  t h e  f l y i n g  vehicle 
cons is ted  o f  four  f l a p s  t h a t  were advanced i n t o  the j e t  stream and which de- 
f l e c t e d  i t  toward t h e  requi red  s i d e .  Each 
was connected with t h e  power cont ro l  cy l inders  governing course and p i t c h i n g .  
With t h e  simultaneous advance of a l l  f l a p s  i n t o  the  stream, t h e  nozzle  e x i t  
a r e a  can be cut  by 10% and t h e  t h r u s t  o f  t h e  engine change, which ensures con- 
t r o l  over  the  v e r t i c a l  t r a n s l a t i o n s  of t h e  vehic le .  We note  t h a t  t h e  method 
of  producing t ransverse  forces  by advancing your f l a p  i n t o  t h e  nozzle cross-  
s e c t i o n  a r e a  across  the stream has found a p p l i c a t i o n  i n  developed p r o j e c t s  f o r  
f l y i n g  craft  using rocket  engines and is  now be ing  s t u d i e d  experimentally.  

p a i r  o f  oppos i te ly  pos i t ioned  f l a p s  
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F i g u r e  7 .1 .  Scheme of  Devices f o r  Increasing L i f t ,  Control o f  F l y i n g  C r a f t ,  
and Its Balancing (from Data i n  t h e  S t u d y  [29] ) .  The Permissible  Value of 
Lateral  Force i n  Fract ions of Nozzle T h r u s t  is Indicated Next t o  t h e  S k e t c h e s .  
The Schemes f o r  Increasing L i f t  and Control a r e  as  Follows: 1 ,  Nozzle a t  an 
A n g l e  of 90";  2 ,  T i l t i n g  Exhaust P i p e ;  3 ,  External Flaps;  4 ,  T i l t i n g  Nozzle; 
5 ,  T i l t i n g  Rings. T h e  Schemes f o r  Control and Balancing a r e  as Follows: 6 ,  
Internal  Flaps;  7 ,  Cyl indrical  Reversers; 8 ,  T i l t i n g  Valve in Fixed Engine 
Nacelle;  9 ,  S h i f t i n g  Central  Body. 

Gas cont ro l  s u r f a c e s ,  which a r e  planes with aerodynamic p r o f i l e s ,  have 
been used i n  t h e  domestic experimental f l y i n g  s t a n d  "Turbojett t  on which re- 
search s t u d i e s  on v e r t i c a l  t akeoff  and landing have been conducted. 

/195 

P r a c t i c a l  developments of t u r b o j e t  engine d e f l e c t o r s  intended f o r  v e r t i -  
c a l  takeoff  and landing a i r c r a f t  have been conducted i n  a number of  countr ies  
following t h e  accumulation o f  some experience with r e v e r s e r s ,  with which de- 
f l e c t o r s  have f e a t u r e s  i n  common. Experimental-design developments and gas 
dynamics research  on d e f l e c t o r s  have been conducted r e l e v a n t l y  t o  two-deflector  
schemes: Scheme I with t w o - t i l t i n g  nozzles and s h u t t e r s  t h r o t t l i n g  t h e  gas 
duct ( c f .  Figure 7.8) . We know of  v a r i a n t s  o f  Scheme I .  Four nozzles ,  one 
p a i r  i n  each pass  ( c f .  Figure 7.5) ,  can b e  i n s t a l l e d  on a bypass engine.  When 
two engines a r e  loca ted  i n  t h e  engine n a c e l l e  ( fuselage)  of an a i rcraf t ,  one- 
s i d e d  discharge of  gases a t  each engine through a s i n g l e  t i l t i n g  nozzle  can b e  
executed. 

We f i n d  i n t e r e s t  i n  t h e  r e p o r t  [21]  t h a t  p r e s e n t s  r e s u l t s  of model s t u d -  
ies  of a d e f l e c t o r  of  Scheme I1 i n  an i n s t a l l a t i o n  equipped with a force- 
measuring instrument ,  and a l s o  d a t a  of  f l i g h t  tests made of  an a i r c r a f t  equip- 
ped with a t u r b o j e t  engine t h a t  i s  f i t t e d  with a d e f l e c t o r .  The a r t i c l e s  [23, 
351 present  s e v e r a l  r e s u l t s  of  s t u d i e s  made o f  p r e s s u r e  losses  occurr ing i n  t h e  
cleavage and p a r t i a l  angling of the  flow i n  Scheme I and of  t h r u s t  losses  i n  
t h e  t i l t i n g  nozzle  equipped with a d e f l e c t i n g  screen .  

The s tudy [36] gives  a comparative ana lys i s  of t h e  d e f l e c t o r s  b u i l t  under 
Schemes I and 11. We know of  a number of  r e p o r t s  devoted t o  des ign- theore t ica l  
examination o f  ways o f  improving the  takeoff  and landing characteristics of  
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a i r c r a f t  t h a t  have d e f l e c t e d  gas streams [3, 411. The r e p o r t  [13] descr ibes  
s e v e r a l  schemes of  d e f l e c t o r s ,  examines power p l a n t s  f o r  v e r t i c a l  takeoff 
a i r c r a f t s ,  as wel l  as problems assoc ia ted  with b u i l d i n g  and opera t ing  such 
a i r c r a f t .  

We must emphasize t h a t  d e f l e c t o r s  have not  y e t  gone beyond t h e  s t a g e  of 
experimental-design work. 
ped with d e f l e c t o r s  t h a t  can b e  cu t - in  serieswise i s  t h e  B r i t i s h  VTO f i g h t e r -  
bomber Hawker P-1127, the "Castrel''. 

The only fore ign  a i r c r a f t  with a power p l a n t  equip- 

52. Efficiency of Deflect ing a J e t  Stream Downward t o  Shorten Takeoff and 
Landing Distances f o r  an A i r c r a f t  

I f  t h e  j e t  stream of  an engine i s  d e f l e c t e d  downward a t  an angle B with 
respec t  t o  t h e  horizon and i f  a t  t h e  moment o f  takeoff  or landing of  an a i r -  
c r a f t  v e r t i c a l  and l o n g i t u d i n a l  a c c e l e r a t i o n s  are equal t o  zero,  then t h e  
following r e l a t i o n s h i p s  m u s t  b e  s a t i s f i e d :  

1196 

P+-v,  c o s ~ - - v H = c c , T s ,  G ev; ( " g  g 
(7.2) 

where P = engine t h r u s t ;  

G = weight consumption of  gas through t h e  engine; 

H V = t akeoff  or landing v e l o c i t y ;  

Q,S = weight of a i r c r a f t  and wing area .  

Here i t  is  assumed t h a t  d e f l e c t i o n  of the  stream occurs without l o s s  
i n  t h r u s t  force ,  and t h a t  t h e  d e f l e c t e d  s t ream does not  have an e f f e c t  on t h e  
aerodynamic c h a r a c t e r i s  ti cs of t h e  a i r c r a f t .  

We in t roduce  s e v e r a l  symbols : 
- 
Po = P / Q  - 

P G 
GO 

thrust-to-weight r a t i o  of  a i r c r a f t ,  t h a t  i s ,  t h e  r a t i o  
of  the  engine t h r u s t  when performing i n  p l a c e  close t o  
t h e  ground t o  t h e  a i r c r a f t  I s  weight; 

engine i n  t h e  landing run t o  t h e  t h r u s t  and air  consump- 
t i o n  when performing i n  p lace ,  respec t ive ly ;  

0 

f,=--; po f 2 - 1  - - rati.0 of  t h r u s t  and consumption o f  air  through t h e  

= Po/Go - s p e c i f i c  t h r u s t  produced by an engine when performing 
i n  p lace ;  '0 , i d e a l  
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K = c /cx - aerodynamic c h a r a c t e r i s t i c  of t h e  aircraft;  
Y c =  Q/S - s p e c i f i c  wing loading. 

S u b s t i t u t i n g  t h e  symbols given above i n t o  t h e  e q u a l i t i e s  (7.1) and (7.2) 
we g e t  

(7.3) 

We can use t h e  r a t i o  (7.3) expressing t h e  e q u a l i t y  of  t h e  aircraft’s 
weight t o  i t s  l i f t  a t  t h e  moment o f  touchdown o r  l i f t o f f  t o  f i n d  t h e  landing 
v e l o c i t y  o r  the takeoff  v e l o c i t y  as a func t ion  of  t h e  angle  a t  which t h e  j e t  
stream i s  d e f l e c t e d  

/197 

The landing v e l o c i t y  of  t h e  minimum l i f t o f f  v e l o c i t y  as a func t ion  of t h e  
angle by which the j e t  stream is  d e f l e c t e d  is shown i n  Figure 7.2 f o r  t h e  
s p e c i f i c  loading 

taken from t h e  s tudy  163 f o r  compressor r a t i o  T~~~~~~~~~~ = 8 and t h e  tempera- 

t u r e  forward o f  t h e  t u r b i n e  equal t o  1,200°K, the func t ion  f2  = ( I  + 0.2M2)2’5. 

We can s e e  from t h e  graph t h a t  the effici-ency with which t h e  j e t  stream is 
def lec ted  r i s e s  with i n c r e a s e  i n  t h e  d e f l e c t i o n  angle B 
t h e  thrust- to-weight  r a t i o  of  the a i r c r a f t  Po .  Thus, f o r  a s p e c i f i c  loading 

Q = 300 kg/m2, thrust- to-weight  r a t i o  P = 0 . 6 ,  and when t h e  stream i s  d e f l e c t -  
ed by an angle B = 85”, the landing and takeoff  v e l o c i t y  is reduced approxi- 
mately from 70 t o  40 m/sec, and when F =  600 kg/m2--from 100 t o  60 m/sec. 

= 300 and 600 kg/m2. The values of  t h e  func t ion  f l  were 

and with i n c r e a s e  i n  
/198 - - 

However, when the  j e t  stream i s  d e f l e c t e d  by an angle  6 < go”, a h o r i -  
zontal  component of the  engine t h r u s t  appears,  which can prove t o  b e  g r e a t e r  
than t h e  aerodynamic r e s i s t a n c e  of  t h e  a i r c r a f t  a t  t h e  landing v e l o c i t y .  I n  
t h i s  case the  a i r c r a f t  w i l l  pickup i n  v e l o c i t y  and t h e  landing w i l l  prove 
impossible.  From t h e  r a t i o  (7.4)  t h a t  expresses  t h e  e q u a l i t y  of  t h e  force  of  
grav i ty  t o  t h e  aerodynamic r e s i s t a n c e  of  the a i rcraf t  w e  can f i n d  the value 
of  t h e  d e f l e c t i o n  angle  B1 a t  which t h e  aerodynamic r e s i s t a n c e  o f  t h e  a i r c r a f t  

is equal t o  t h e  t h r u s t ,  as a funct ion o f  f l i g h t  v e l o c i t y  
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cos p1=  
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Figure 7.2.  M i n i m u m  Separation Velocity 
and Landing Speed  a s  a Function of De- 
f l e c t i o n  of J e t  and A n g l e  61 a t  Which 

Thrust Is Equal t o  Drag of A i r c r a f t  
f o r  Various Values of Power and S p e c i -  
f i c  Load on Wing 5: 

- 
Q = 300 kg/m2 
- - - - -  . . . . Q = 600 kg/m2 

as funct ions o f  f l i g h t  velo-  1 
c i t y  have been p l o t t e d  i n  Figure 
7 .2  f o r  t h e  appropr ia te  values of  
the  thrust- to-weight  r a t i o s  and 
s p e c i f i c  loadings.  When t h e  j e t  
stream i s  def lec ted  by an angle 
6 < B1 aerodynamic r e s i s t a n c e  of  

the a i r c r a f t  i s  less than t h e  f o r c e  
of grav i ty  and landing i s  n o t  pos- 
s i b l e .  For d e f l e c t i o n  a t  an angle 
6 > B1, t h e  a i r c r a f t  reduces t h e  

f l i g h t  v e l o c i t y  and landing does be- 
come p o s s i b l e .  And, i n  c o n t r a s t ,  
i n  t h e  takeoff  run the  j e t  s t ream 
cannot be d e f l e c t e d  a t  an angle 
6 > B1, s i n c e  i f  t h i s  is  done take-  

off  v e l o c i t y  cannot be a t t a i n e d .  

Thus , c a l c u l a t i o n  shows t h a t  
i n  landing i t  is  necessary t o  t u r n  
t h e  j e t  stream by an angle c lose t o  
90" .  

I f  fol lowing landing of an a i r -  
c r a f t  wi th  d e f l e c t e d  j e t  stream 
engine t h r u s t  r e v e r s a l  is  executed, 
the  length  o f  t h e  a i r c r a f t ' s  landing 
run w i l l  be  s u b s t a n t i a l l y  reduced. 
Figure 7 . 3  p l o t s  the  length Llanding 

f o r  t h e  landing of an a i r c r a f t  run 
as a func t ion  of  the  reverse  coef- 
f i c i e n t .  The c a l c u l a t i o n  was made 
f o r  stream d e f l e c t i o n  angles and 
landing v e l o c i t i e s  corresponding t o  
t h e  p o i n t s  of  i n t e r s e c t i o n  of t h e  
curves of  VH and B1 i n  Figure 7 . 2 .  

Figure 7 . 3  p r e s e n t s ,  for comparison, a dashed l i n e  t o  i n d i c a t e  t h e  landing r im 
d is tances  f o r  an a i rcraf t  t h a t  does not  use j e t  stream d e f l e c t i o n .  We can see 
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from t h e  comparison t h a t  even without subsequent t h r u s t  r e v e r s a l  (E 
stream d e f l e c t i o n  i s  a h ighly  e f f e c t i v e  means o f  reducing t h e  aircraft landing 
run d is tance .  

= 0 )  r e v  

As w a s  i n d i c a t e d  above, t h e  a i r c r a f t  l i f t o f f  v e l o c i t y  i n  t h e  takeoff  run 
However, can be s u b s t a n t i a l l y  seduced by d e f l e c t i n g  the  engine 's  j e t  stream. 

i n  takeoff  runs with d e f l e c t e d  streams t h e  h o r i z o n t a l  component of  t h r u s t  is  
reduced, which leads t o  an increase  i n  t h e  d i s t a n c e  over which the  l i f t o f f  
v e l o c i t y  i s  a t t a i n e d .  
t h e  r e s u l t i n g  t h r u s t  o f  t h e  engine is d e f l e c t e d ,  on t h e  takeoff  landing d i s -  
tance,  we w i l l  w r i t e  out  the  equation of a i r c r a f t  movement i n  the takeoff  run 

I n  o r d e r  t o  analyze t h e  effect  o f  t h e  angle by which /200 

1 and i n g  

2000 

1800 

I600 

run 

F i g u r e  7 . 3 .  Landing Run Dis- 
tance of an A i r c r a f t  as a Func- 
t ion  of Reverse Coeff ic ien t :  

, Landing w i  t h  J e t  Stream 
Def lectefl and w i t h  S p e c i f i c  Wing 
Loading Q = 300 kg/m2;  - - 7 

Q = 600 kg/m2 ; - - - - , Landing 
with Undef lected J e t .  

Using t h e  e a r l i e r  introduc-  
ed symbols, a f t e r  transforma- 
t i o n s  we a r r ive  a t  an equation 
f o r  aircraft  acce lera t ion  

2 = dVH/dt 

form: 

i n  the  following 
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where g = a c c e l e r a t i o n  due t o  grav i ty ;  
l~ = c o e f f i c i e n t  of f r i c t i o n a l  force  of  a i r c r a f t  when making a landing 

o r  takeoff  run on an a i r p o r t .  

The takeoff  d i s tance  t h a t  must b e  t r a v e l e d  p r i o r  t o  a t t a i n i n g  t h e  l i f t o f f  
v e l o c i t y  can b e  found by i n t e g r a t i n g  the  expression 

where = a c c e l e r a t i o n  of  a i r c r a f t ,  a f a m i l i a r  funct ion of  t h e  v e l o c i t y ,  de- 
termined by formula (7.5) . 

Results o f  g r a p h i c  i n t e g r a t i o n  of  the  expression (7.6) f o r  an a i r c r a f t  
with s p e c i f i c  loading Q = 600 kg/m2 f o r  a c o e f f i c i e n t  of f r i c t i o n  
shown i n  Figure 7.4 i n  the  form of the  takeoff  run d is tance  as a funct ion of 
t h e  angle by which the j e t  s t ream i s  d e f l e c t e d  ( s o l i d  curves) .  From inspec-  
t i o n  of t h e  f i g u r e  i t  is  c l e a r  t h a t  the  takeoff  run d is tance  has a minimum a t  
some d e f l e c t i o n  angle B ,  This , as has a l ready been remarked, i s  accounted 
f o r  by the f a c t  t h a t  as t h e  angle of stream d e f l e c t i o n  i s  increased t h e  l i f t -  
o f f  ve loc i ty  i s  reduced, as i s  the  a c c e l e r a t i n g  f o r c e .  When t h e  angle @ - > a, ,  
l i f t o f f  becomes impossible (L -f a). Thus , c a l c u l a t i o n  shows t h a t  t h e  takeoff  
run must be made, when t h e  j e t  stream i s  n o t  d e f l e c t e d ,  and t h e  stream de- 
f l e c t i o n  mechanism c u t - i n  only a f t e r  the l i f t o f f  v e l o c i t y  has been a t t a i n e d .  
Here the  takeoff  run d is tances  is  considerably reduced and has  a minimum a t  
B = 90" (dashed curves i n  Figure 7 .4) .  However, h e r e  a l s o  i t  makes no sense 
t o  d e f l e c t  the  j e t  s t ream by an angle g r e a t e r  than B1 shown i n  Figure 7.3,  

s i n c e  when t h i s  is  done t h e  a i r c r a f t  following l i f t o f f  w i l l  be  slowed down and 
cannot proceed t o  gain a l t i t u d e .  

= 0 . 0 2  a r e  

- / 2 Q l  

For t u r b o j e t  engine a i r c r a f t  the  engine ax is  i s  usua l ly  loca ted  i n  the  
plane of  t h e  wing chord and, consequently, i n  takeoff  t h e  t u r b o j e t  engine 
stream i s  d e f l e c t e d  by an angle t3 t h a t  is approximately equal t o  the  a i r c r a f t  

angle of a t t a c k .  I f  the  a i r c r a f t ' s  angle o f  a t t a c k  i n  l i f t o f f  is  l o " ,  then 
t h e  addi t iona l  d e f l e c t i o n  of t h e  j e t  s t ream by 20-25" with respec t  t o  t h e  wing 
chord f o r  a i r c r a f t  t h a t  have a s p e c i f i c  wing loading = 600 kg/m2 w i l l  l ead  
- t o  a 6% reduct ion i n  takeoff  run d is tance  when t h e  thrust- to-wgight  r a t i o  
P = 0 . 4 ,  and a 20% reduct ion  when t h e  thrust- to-weight  r a t i o  P = 0.6 compar- 

ed t o  t h e  takeoff run d i s t a n c e  without a d d i t i o n a l  d e f l e c t i o n  of  the j e t  s t ream 
For the case o f  a d d i t i o n a l  d e f l e c t i o n  of  j e t  stream, only a t  the  moment of  
a i r c r a f t  l i f t o f f ,  t h e  reduct ion i n  takeoff  run d is tance  under these  same con- 
d i t i o n s  w i l l  b e ,  correspondingly , 30-50%. 

1 

0 0 

When t h e r e  i s  a weak dependence of  f l  and f 2  as func t ions  of  v e l o c i t y  

during the  a i r c r a f t  a c c e l e r a t i o n  per iod ,  the  expression (7.6) can be i n t e g r a t e d  
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where 

+ Arth 2B 
{B2- 4AC 

VH - aircraf t  l i f t o f f  v e l o c i t y  a t  t h e  j e t  stream d e f l e c t i o n  angle of @. 

Expanding i n  the series ~ B ! ! ~ ! ~  and r e t a i n i n g  only t h e  
- (2C + BV),) 

.- 

first member o f  t h e  ser ies ,  w e  der ive  an approximational formula f o r  c a l c u l a t -  
i n g  the  takeoff run d i s t a n c e  wi th  j e t  def lec ted :  

Ltakeoff  run =- I [I++ A V L t  BV, 2BvH 3 
ZC+BVH * %A 

(7.7) 

The approxi.mate value of the a i r c r a f t  t akeoff .  run d i s t a n c e  when t h e  
stream is not  d e f l e c t e d  can b e  got ten  from the  r e l a t i o n s h i p  (7.7) by introduc-  
i n g  i n  the appsopriate  c o e f f i c i e n t s  B = 0 ,  

where A has i t s  former va lue  b u t  C = - 1~-. 
O f l  

The approximate expressions (7.7) and (7.8) determine t h e  takeoff  run 
d is tance  of t h e  a i rc raf t  with p r e c i s i o n  t h a t  i s  good enough f o r  p r a c t i c a l  
purposes.  
which t h e  a i r c r a f t  gains  a s p e c i f i c  a l t i t u d e  (about 15-25 m ) .  This d i s tance  
depends on t h e  r a t e  of  climb near t h e  ground a t  t h e  takeoff weight o f  t h e  
aircraft .  With the symbols we have already adopted, the angle of  i n c l i n a t i o n  
y o f  t h e  a i r c r a f t  t r a j e c t o r y  i s  expressed v i a  i t s  c h a r a c t e r i s t i c  as fol lows:  

The t o t a l  length o f  t h e  takeoff  run is def ined as the d i s t a n c e  over 
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(7.9) 

I t  i s  c l e a r  from expression,  (7 .9 l tha t  when t h e  stream is def lec ted  ( 6  > 0) / 2 0 3  
t h e  r a t e  of climb under otherwise equal condi t ions increases  .and the  d is tance  
over  which t h e  a l t i t u d e  gain i s  made can a l s o  b e  shortened.  However, w e  m u s t  
a l s o  b e a r  i n  mind t h a t  i n  c a l c u l a t i n g  the  takeoff  run d is tance  we have n o t  
allowed f o r  losses  of  t u r b o j e t  engine t h r u s t  t h a t  are assoc ia ted  with angl ing 
o f  the  j e t  stream. The t h r u s t  losses  w i l l  l e a d  t o  an i n c r e a s e  i n  t h e  d i s t a n c e  
over  which t h e  l i f t o f f  v e l o c i t y  and a l t i t u d e  of  15-25 m are a t t a i n e d .  

§ 3 .  Requirements Imposed on Deflectors  Used on Lif t -Thrust  Turbojet  E n g i n e s  

To ensure maximum vert ' ical  t h r u s t  component, tu rn ing  o f  t h e  j e t  stream 
i n  the  d e f l e c t o r  m u s t  be  executed with minimum l o s s e s  o f  t o t a l  p ressure .  

To avoid t h e  effect  of the d e f l e c t i n g  device on performance of  t h e  turbo- 
compressor group of the engine,  gas pressures  a f t  o f  the t u r b i n e  w i t h  def lec-  
t o r  cu t - in  and cut-out m u s t  b e  equal .  
d e f l e c t o r  cu t - in  a r i s e  i n  devices used f o r  d e f l e c t i n g  j e t  t h r u s t ,  constructed 
under Scheme I1 ( c f .  Figure 7.8) , owing t o  gas leakage a t  the  s e a l  a reas .  
These losses  , as well  as those i n  the  r e v e r s e r s ,  must n o t  b e  g r e a t e r  than 1%. 

Losses o f  p o s i t i v e  engine t h r u s t  with 

The opera t ing  condi t ions of  v e r t i c a l  takeoff  and landing a i r c r a f t  show 
t h a t  a j e t  stream d e f l e c t e d  downward can s t r i k e  the engine i n l e t ,  boost  the  
temperature of t h e  i n l e t  stream, and produce compressor s t a l l i n g  of  t h e  engine. 
If the stream d e f l e c t e d  by t h e  device escapes a t  an acute  angle  t o  the s u r -  
face  o f  t h e  a i r c r a f t  or t h e  engine n a c e l l e ,  then i t  flows along t h i s  s u r f a c e ,  
j u s t  as i n  t h e  case of  t h e  r e v e r s e r .  Therefore,  e x i t i n g  o f  t h e  stream m u s t  
b e  organized i n  such a way t h a t  inges t ion  of  gases a t  t h e  engine i n l e t  and 
along s t r u c t u r a l  p a r t s  o f  t h e  a i r c r a f t  w i l l  b e  a t  a minimum. 

The condi t ion of  s t e p l e s s  tu rn ing  of  t h e  stream is extended a l s o  t o  de- 
With the  d e f l e c t o r  cut- in  t h e r e  m u s t  no t  b e  any er ra t ic  v a r i a t i o n  

To c u t  down t h e  takeoff  d i s t a n c e  when tak ing  o f f  
f l e c t o r s .  
of t h r u s t  and consumption. 
with a s h o r t  sun the  t r a n s i t i o n  from h o r i z o n t a l  t h r u s t  t o  v e r t i c a l  m u s t  b e  
executed i n  1 -2  sec. 

J u s t  as for r e v e r s e r s ,  d e f l e c t o r s  m u s t  be  of  minimum o v e r - a l l  dimensions 
and weight m d  m u s t  n o t  i n c r e a s e  t h e  s i d e  r e s i s t a n c e  of  the  a i r c r a f t  i n  h o r i -  
zontal  f l i g h t .  When t h e  d e f l e c t o r  i s  cu t - in  on an a i rcraf t  equipped with one 
or a number of  engines , t o  avoid b u i l d i n g  up p i t c h i n g ,  yawing and r o l l i n g  

/204 moments, no asymmetrical t h r u s t  m u s t  b e  produced. This requirement i s  - 
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achieved by synchronic i ty  of the performance of  d e f l e c t o r s .  
ensure maximum s a f e t y  and r e l i a b i l i t y  i n  opera t ion .  

Def lec tors  m u s t  

Thus, t he  following main requirements a r e  imposed on de f l ec to r s  used on 
l i f t - t h r u s t  t u r b o j e t  engines : 

1. Ensuring high v e r t i c a l  component c o e f f i c i e n t ,  and consequently, high 
c o e f f i c i e n t  of t o t a l  p re s su re  recovery.  

2 .  The absence of any e f f e c t  on normal func t ioning  of  the engine ' s  
turbocompressor group. In  de f l ec to r s  constructed under Scheme I 1  ( c f .  Figure 
7.8) t h r u s t  losses  i n  ho r i zon ta l  f l i g h t  m u s t  be  a t  a minimum, not  more than 
1%. 

3. Inges t ion  of  the  de f l ec t ed  j e t  s t ream a t  the engine i n l e t  and along 
t h e  s t r u c t u r a l  p a r t s  of t he  a i r c r a f t  m u s t  be  a t  a minimum. 

4 .  S t ep le s s  r egu la t ion  of  t he  turn ing  of  t h e  j e t  stream m u s t  be  
provided . 
94. Description of Designs of Deflectors  Used on Li f t -Thrus t  and L i f t  

Eng i nes 

Figure 7.5 p re sen t s  a general  view of the lift-thrust bypass B r i s t o l -  
Siddeley BS-53 "Pegasus 5" engine (thrust 8,165 kg) produced f o r  t he  Trans- 
s o n i c  Hawker R-1127 Kes t r e l  fighter-bomber (Great B r i t a i n )  w i t h  v e r t i c a l  take-  
o f f  and landing c a p a b i l i t y .  The d e f l e c t o r  was cons t ruc ted  under Scheme I1.  
Stand t e s t s  of t he  engine were begun i n  1959, and i n  1960 i t  underwent f l i g h t  
t e s t .  The engine has f o u r  t i l t i n g  nozzles--two forward ones se rve  t o  angle 
the  stream a f t  of t he  ex te rna l  pas s  compressor and the  two r e a r  se rve  t o  turn  
the  stream of the  inne r  engine pass  a f t  of the tu rb ine .  Some of the  a i r  flow 
a f t  of t he  compressor o f  the  o u t e r  pass is d i r e c t e d  toward the  inner  main pass, 
and some--to a r e c e i v e r  t h a t  has two o u t l e t s  with c i r c u l a r  openings equipped 
with f langes  on which the  t i l t i n g  nozzles  a r e  pos i t i oned .  
i nne r  pass a f t  of the  tu rb ine  a r e  d i r ec t ed  t o  the  exhaust p ipe ,  terminat ing i n  
two connecting p ipes  on which t i l t i n g  nozzles  have been i n s t a l l e d .  
z l e s  a r e  equipped with screens  made of  p r o f i l e d  vanes t h a t  ensure the  requi red  
amount o f  stream tu rn ing .  

The gases of the 

The noz- 

Turning the  nozzles  by about 100' i s  done i n  s t e p l e s s  fash ion ,  smoothly, 
with t h e i r  f i x a t i o n  i n  a p o s i t i o n ,  which governs the  product ion of ho r i zon ta l ,  
v e r t i c a l ,  o r  nega t ive  t h r u s t  o r  t h r u s t  a t  any in te rmedia te  angle .  In  Figure 
7.6,  we s e e  a diagram of  the control. d r ive  of t he  t i l t i n g  nozzles2.  Turning 
by an angle of 90' takes  p l ace  i n  l e s s  than a second. 

/205 - 

Ilnteravia, No. 4548, 4 ,  1960. 
2FZugweZt, No. 3, p .  2 b ,  1962. 
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F i g u r e  7 . 4 .  Takeoff R u n  Distance 
of an A i r c r a f t  as a Function of  
A n g l e s  by Which the  J e t  Stream is 
Deflected f o r  Di f fe ren t  Thrust- to-  
Weigh t  Ratios Fo: - , Takeoff 

and L i f t o f f  W i t h  Deflected J e t  Stream; 
c = 1.0;  - - - - , Takeoff With Un 

d e f l e c t e d  Stream, L i f t o f f  w i t h  De- 
f l e c t e d  Stream. 

Y 

Figure 7.5. Bris tol-Siddeley BS-53 
Bypass E n g i n e  w i t h  Ti  1 t i n g  Nozzles 
(Scheme I ) .  

Figure 7.7.  p r e s e n t s  t h e  experimental BS-lOO1 l i f t - t h r u s t  bypass engine 
with a f te rburner  chamber i n  the  o u t e r  pass  ( t h r u s t  17,000 kg) ,  a modif icat ion 
of  the  Bris tol-Siddeley BS-53 bypass engine.  Use o f  a r e l a t i v e l y  low e x i t  
gas temperature i n  t h e  a f t e r b u r n e r  (1,200'K) makes i t  p o s s i b l e  t o  do without 
a s p e c i a l  system f o r  cooling t h e  t i l t i n g  nozzles .  Sect ioning of  t h e  nozzles 
is regula ted  by r e f l e c t o r s  opera t ing  from the  control  mechanism. The BS-100 
engine is  intended f o r  the  supersonic  Hawker R-1154 fighter-bomber. 

/206 

Figure 7.8 p r e s e n t s  a general  view of t h e  experimental l i f t - t h r u s t  Rol ls-  
Royce "Medueus" bypass engine ( t h r u s t  7,940 kg) equipped with a d e f l e c t o r  con- 
s t r u c t e d  under Scheme I12. I t  cons is t s  o f  two t i l t i n g  s h u t t e r s  and two con- 
nec t ing  p ipes  (Figure 7.9) terminat ing i n  c i r c u l a r  t i l t i n g  nozzles equipped 
with d e f l e c t i n g  screens  [34]. I n  the  nonworking p o s i t i o n  of the  d e f l e c t o r ,  
t h e  s h u t t e r s  a r e  p o s i t i o n e d  f l u s h  with t h e  wal l s  of  t h e  exhaust p ipe ,  p a r t i -  
t i o n  the  s i d e  i n l e t  windows of  t h e  connecting p i p e s ,  and do . -  not  block t h e  ~- - 

F l i g h t ,  VO-1.. 217X, No.--2954, p .  693,- 1965. 
AepopZarle, VOl. 5/111, N o .  2733, p .  20, 1964. 
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175 

I. I I m11.1- 



d i r e c t  e x i t i n g  of t he  stream i n t o  the j e t  nozzle .  When the d e f l e c t o r  i s  i n  
the  opera t ive  p o s i t i o n  the s h u t t e r s  r o t a t e  backward, p a r t i t i o n  &he gas duct 
and, opening simultaneously the  i n l e t  windows of t h e  connecting p ipes ,  d i r e c t  
the  gases through the  connecting pipes  t o  the t i l t i n g  nozz les .  Depending on 
the  nozzle p o s i t i o n ,  s e t  by the  p i l o t ,  the  j e t  stream can be  de f l ec t ed  v e r t -  
i c a l l y  downward ( i n  v e r t i c a l  t akeoff  and landing of  an a i r c r a f t ) ,  rearward 
( i n  a c c e l e r a t i o n ) ,  forward ( i n  dece le ra t ion ) ,  or i n  any o the r  in te rmedia te  
d i r e c t i o n .  The Medueus engine w a s  intended f o r  t h e  heavy m i l i t a r y  t r anspor t  
Hawker-Siddeley HS-681 with a s h o r t  t akeoff  run. 
7.10) has a l s o  been i n s t a l l e d  on t h e  Rolls-Royce RB-163 "Spay" bypass engine 
( t h r u s t  4,470 kg) f .  

/208 - 

A similar d e f l e c t o r  (Figure 

Figure 7.6.  Diagram of Control Drives f o r  T i l t i n g  Nozzles on t h e  B r i s t o l -  
S i d d e l e y  BS-53 Bypass E n g i n e :  1 ,  E n g i n e  Suspension; 2 ,  Nozzle Control Lever 
i n  .P i lo t  Cabin; 3,  Forward Conical Transmission; 4, Air Bleed Valve; 5 ,  Two 
Pneumatic Mechanisms w i t h  Rotating Pistons' ;  6 ,  Air Conduit t o  S t a b i l i z i n g  
Nozzle; 7 ,  Reducer; 8,  Rear Conical Transmission. 

- -__ 

'Aviation Week, V I ,  Vol. 78, No. 25, p .  71, 1963. 
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The MAN Company, j o i n t -  
l y  with Rolls-Royce has pro-  
duced t h e  RB-153-61 bypass 
engine with a f t e r b u r n e r  
( t h r u s t  without a f t e r b u r n e r  
3,107 kg, with af teyburner  
5,300 kg) which i s  equipped 
with a device f o r  d e f l e c t i n g  
t h e  j e t  stream t h a t  has  been 
developed by t h e  MAN Company 
(Figure 7.11).  The d e f l e c t -  /209 
or is loca ted  forward o f  
t h e  a f te rburner  chamber. I t  

two engines on the  v e r t i c a l  
l i f t o f f  f i g h t e r  V J l O l D  
(FRG).. Therefore,  t h e  de- 
f l e c t o r  has been made with 
n o n s y T e t r i c a 1  gas d i s  - 
charge'.  

Figure 7 .7 .  Bris tol-Siddeley BS-100 has been proposed t o  i n s t a l l  
Bypass Engine w i t h  Afterburner ,  E q u i p -  
ped w i  th  T i  1 t i n g  Nozzles w i t h  Afterburner 
i n  t h e  Outer Pass.  

F i g u r e  7.8. Rolls-Royce Bypass Engine Medueus with Deflector ,  and Its Operat- 
i n g  P r i n c i p l e  (Scheme I I ) :  1 , General V i e w  of E n g i n e ;  2 ,  Pos i t ion  of  Device 
f o r  Deflecting J e t  Stream in F l i g h t ;  3 ,  I n  Takeoff,  Landing, and Deceleration 
of t h e  A i  r c r a f t .  

I n s t a l l a t i o n  on an a i r c r a f t  o f  t h e  Scheme I1 d e f l e c t o r  compared w i t h  
Scheme I does a f f o r d  c e r t a i n  advantages 143. I n  Scheme I r e l a t i v e l y  high 
t h r u s t  l o s s e s  due t o  t u r n i n g  o f  t h e  s t ream i n  t h e  bends of the  connecting 
p ipes  and i n  t h e  screens  occur even i n  h o r i z o n t a l  f l i g h t .  

IIntermia, Vol. 15/V, NO.  5495, p .  6 ,  1964. 

Scheme I1 allows 
. .  - - .  . ... ._ 
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us t o  choose t h e  t h r u s t  nozzle  and t h e  t i l t i n g  ( l i f t )  nozzles  i n  such a way /210 
t h a t  i n  takeoff  maximum t h r u s t  i s  a t t a i n e d ,  b u t  i n  h o r i z o n t a l  f l i g h t  t h e  
engine continues t o  opera te  i n  t h e  minimum s p e c i f i c  f u e l  consumption mode. 
Scheme I1 t h r u s t  l o s s e s  are caused, j u s t  as i n  the r e v e r s e r e  of the s i m i l a r  
scheme, only by gas leakage i n  t h e  assembly o f  t h e  t h r o t t l i n g  s h u t t e r s .  In  
t h e  c ru is ing  mode Scheme 11. provides b e t t e r  economy compared t o  Scheme I .  The 
engine n a c e l l e  f o r  t h e  power p l a n t  b u i l t  under Scheme I11 can b e  designed 
with minimum l a t e r a l  s u r f a c e  a r e a .  The Scheme I1 a l s o  e x h i b i t s  opera t iona l  
advantages. I n  t a k e o f f ,  i n  t h e  i n i t i a l  a c c e l e r a t i o n  o f  the  aircraft  t h e  
t h r u s t  nozzle is used. The t i l t i n g  nozzles d e f l e c t i n g  t h e  j e t  stream down- 
ward p r e c i s e l y  before  l i f t o f f  o f  t h e  a i r c r a f t  ( c f .  52 o f  t h i s  chapter) can be 
f ixed  a t  the  requi red  angle  i n  advance and h e l d  i n  this p o s i t i o n .  This guar- 
antees  t h a t  the requi red  d i r e c t i o n  o f  t h r u s t  i n  t h e  c r i t i ca l  s e c t i o n  o f  l i f t -  
o f f  w i l l  b e  provided. I f  the  a i rcraf t  takes  o f f  i n  t h e  usual way, then t h e  
t i l t i n g  nozzle can b e  f i x e d  i n  advance 
t h e  event t h a t  t h e  l i f t o f f  has  t o  be aborted.  

I n  

i n  the  nega t ive  t h r u s t  p o s i t i o n  i n  

F i g u r e  7 .9 .  Assembly  o f  Deflector  Used i n  t h e  Rolls-Royce Medueus Bypass 
E n g i n e .  Pos i t ion  of S h u t t e r s  i n  Horizontal F l i g h t :  1 ,  Screen; 2 ,  T i l t i n g  Noz- 
z l e ;  3 ,  Bend;  4 ,  S h u t t e r s ;  5 ,  Hydrocylinder f o r  S h u t t e r  Control;  6 ,  L i f t  Lug; 
7 ,  Rol ler  Bearings o f  S h u t t e r s ;  8,  Drive Shaf t  of Nozzle T i l t i n g  Mechanism; 
9 ,  Direction o f  Gas Flow t o  J e t  Nozzle; 10,  Hydraulic Motor o f  Nozzle T i l t i n g  
Mechanism; 1 1  , Reducer; 12, T i l t i n g  Nozzle Ball Bearing. 
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F i g u r e  7.10. 
E n g i n e .  

Deflector  and J e t  Nozzle of t h e  Rolls-Royce "Spay" RB-163 Bypass 

However, the problem of 
inges t ion  o f  exhaust gases a t  
t h e  engine i n l e t  i s  more s i m -  
p l y  solved i n  t h e  v a r i a n t  of  
Scheme I incorpora t ing  four  
t i l t i n g  nozzles i f  t h e  f irst  
nozzle p a i r  i s  i n s t a l l e d  a f t  
o f  the  fan .  The cold a i r  
streaming from these  nozzles 
prevents  incurs ion  of  exhaust 
gases from t h e  r e a r  p a i r  o f  
t i l t i n g  nozzles  i n t o  the 
engine i n l e t .  

Figure 7 . 1 1 .  Rol ls-Royce MAN RB-153-61 
Bypass E n g i n e  w i t h  Def 1 e c t o r .  Figure 7 . 1 2  presents  t h e  

t i l t e d  nozzle '  o f  t h e  Rolls-  
Royce RB-162 l i f t  t u r b o j e t  
engine ( t h r u s t  2,000 kg) , 
which can be def lec ted  1S0 t o  

both s i d e s  r e l a t i v e  t o  the engine a x i s .  This l i f t  engine is  envisaged i n  20 
planned f o r  v e r t i c a l  takeoff  and landing a i r c r a f t  now being developed i n  a 
number of foreign c o u n t r i e s .  

Noteworthy a r e  d e f l e c t o r s  used on l i f t  engines of the experimental t r a n s -  
s o n i c  VTOL Dassault  "Balzac" (France).  A screen of  t i l t i n g  d e f l e c t i n g  vanes, / 2 1 1  

_which serve the following t h r e e  func t ions ,  i n s t a l l e d  a t  the j e t  nozzle  e x i t :  - 

1. I n  f l i g h t .  when the  t i l t i n g  angle i s  equal t o  zero, the vanes cover 
mver t h e  e x i t  a r e a  of  the  engine n a c e l l e  o f  the  l i f t  engine and prevent  by- 
-zassing o f  a i r  between the  lower and upper sur faces  of the a i r c r a f t .  

~~ _ _ _ -  _ -  

~~ftfahrtteehnik-Rawnfahrttechnik, No. 5,  p .  135, 1964. 
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1 

, 

2 .  I n  t a k e o f f ,  the  vanes are 
turned by 4.5' and d e f l e c t  t h e  j e t  
stream downward. This prevents  
c i r c u l a t i o n  o f  exhaust gases and 
s i m p l i f i e s  the  t r a n s i t i o n  from 
takeoff  t o  h o r i z o n t a l  f l i g h t .  

3 .  The gases do not  s t r i k e  
t h e  ground v e r t i c a l l y ,  b u t  a r e  
d i v e r t e d  rearward under t h e  air- 
c r a f t  , which provides some i n t e r v a l  
o f  time between i g n i t i o n  of  the  
engine and the  l i f t  required t o  
check t h e  engine and the control  
systems before  they are switched 
over  t o  f u l l  t h r u s t .  

F i g u r e  7.12. T i l t e d  Nozzle of t h e  
L i f t  RB-162 Rolls-Royce Turbojet  
E n g i n e .  

The use o f  t h i s  d e f l e c t i n g  
screen  makes i t  p o s s i b l e  t o  so lve  
the  problem of  takeoff  from an un- 
improved a r e a  and t o  land i n  t h e  
same kind o f  runway. I n  f l i g h t ,  

when t h e  screen  vanes are pos i t ioned  a t  an angle  of 90°,  r a r e f a c t i o n  i s  pro- 
duced i n  the nozzle,  a f ford ing  s t a r t - u p  o f  engines before  landing without use 
of a starter1. 

95. Fundamentals of Gas Dynamic Calculat ion of Deflectors2 

Under s t a n d  condi t ions the  h o r i z o n t a l  component of  t h e  t h r u s t  i s  equal 
t o  t h e  sum o f  p r o j e c t i o n s  of the  impulse of t h e  def lec ted  stream and t h e  i m -  
pu lse  of gas escaping from t h e  nozzle  i n  t h e  s t r a i g h t - l i n e  d i r e c t i o n :  

_- -G2 2'2 cos p+% v,. 
Rhorizont i t  g 

(7.10) 

The h o r i z o n t a l  t h r u s t  component w i l l  b e  as follows f o r  s t a n d  conditions with- 
out  bypassing of t h e  gas t o  the  j e t  nozzle  

=Gs v2 cos 8. 
Rhorizontal  g 

(7.11) 

Ver t ica l  component .of t h r u s t  

' In teravia Review, Vol. 19,  No. 1, p .  48, 1964. 
2Deflectors  used w i t h  l i f t - t h r u s t  engines constructed under Scheme 111 a r e  
under considerat ion (cf.  Figure 7.8). i 

- 1  
i 
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(7.12) 

I n  t h e s e  equat ions:  /212 

G and v2 = consumption through t h e  d e f l e c t o r  and t h e  v e l o c i t y  a t  i t s  
e x i t  ; 2 

G1 and v 

@ 

= consumption through t h e  j e t  nozzle  when t h e  stream i s  de- 
f l e c t e d ,  and gas v e l o c i t y  a t  i t s  e x i t ;  l 

= angle.between the  d i r e c t i o n  o f  v e l o c i t y  v2 and the  horizon.  

The equations (7.10, 7.11, and 7.12) have been w r i t t e n  f o r  the case of 
uniform pressure  f i e l d s  and the  stream e x i t  angle  
gas i n  the  e x i t  a r e a  of the  d e f l e c t o r  and t h e  j e t  nozz le .  

and complete expansion of  

Introducing t h e  gas dynamic funct ion f and the c o e f f i c i e n t s  of t o t a l  
p ressure  recovery i n  t h e  d e f l e c t o r  o 

c u t - i n ,  equations (7.10) and (7.12) can b e  transformed 

and i n  the  nozzle o with the d e f l e c t o r  2 1 

Rver = p H F 2 s inB[n~oZa2f(A2)  - 11, 

(7.13) 

(7.14) 

where F2 = minimum cross-sec t iona l  a r e a  of  d e f l e c t o r ;  

F = j e t  nozzle  a rea  when the stream i s  d e f l e c t e d .  1 

The expression f o r  t h e  o v e r a l l  consumption i s  w r i t t e n  i n  the following form: 

[ F,q (A,) 02 -1- F,q  O d 5 J I .  A0 z z 1 .  G = mp, 
) /To  

For t h e  combustion psoducts of a t u r b o j e t  engine,  m = 0.389, f o r  a i r  m = 
= 0.3965. 

(7.15) 

The values of gas dynamic funct ions f(X) and q(X) are found from t h e  
known c o e f f i c i e n t s  of  t o t a l  p ressure  recovery o2 and a 

ing t h e  r a t i o s  

from t h e  t a b l e s  l ist-  1 
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For t h e  case of  nonuniform pressure  f ie lds  and angles i n  t h e  e x i t  area 
of  t h e  d e f l e c t o r  and t h e  j e t  nozzle ,  equat ions (7.13, 7.14, and 7.15) are 
expressed i n  i n t e g r a l  form. 

The t h r u s t  components o f  t h e  engine are w r i t t e n  as follows i n  terms o f  /213 
t h e  c o e f f i c i e n t s  of  h o r i z o n t a l  and v e r t i c a l  t h r u s t  components i n  t h e  presence 
of an ex terna l  flow 

G G + - V ) = -  v ,  
- - - 

‘horizontal  Rhorizontal  (Pideal g (7.16) 

- G 
‘ v e r t i c a l  R v e r t i c a l C P i d e a l  g + - V I  3 - - 

(7.17) 

where Pideal = i d e a l  s t r a i g h t - l i n e  thrust o f  an engine,  ca lcu la ted  f o r  the  

condition of  t o t a l  expansion of  gas i n  the nozzle .  
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CHAPTER V I  I I 

E X P E R I M E N T A L  R E S E A R C H  O N  D E F L E C T O R S  I N  MODEL FORM /214 

5 1 .  Deflectors Used t o  Lif t -Thrust  E n g i n e s  

Deflectors W i t h  a Connecting P i p e  and T h r o t t l i n g  S h u t t e r s  

The scheme o f  t h i s  d e f l e c t o r  is shown i n  Figure 8.1.  The d e f l e c t o r  i s  
placed between t h e  t u r b i n e  and t h e  a f t e r  chamber, as  a consequence o f  which 
t h e  p a r t s  of  t h e  u n i t  are not  subjec ted  t o  high temperatures i n  the  a f t e r -  
burner regime. The s t ream of  gases a f t e r  t h e  t u r b i n e  is emit ted i n t o  t h e  a t -  
mosphere through the  d e f l e c t i n g  connecting p ipe  formed by f i x e d  l a t e r a l  and 
t i l t i n g  wal ls  1. A t i l t i n g  guide vane 2 i s  i n s t a l l e d  i n  the connecting p i p e .  
When the  device has been c u t - i n ,  the  t h r o t t l i n g  s h u t t e r s  3' form a cone and 
d i r e c t  t h e  s t ream of gases i n t o  the  connecting p i p e s .  Some o f  t h e  gases 
escape i n  a s t r a i g h t  l i n e  through t h e  gaps between t h e  t h r o t t l i n g  s h u t t e r s  and 
the  cowling (bypassing) ,  i n t o  the j e t  nozzle  4 .  The a r e a  of  the  clearances 
is  about 5% of  t h e  j e t  nozzle c ross -sec t iona l  a r e a .  

3 
a, 

N 
c q 

F i g u r e  8.1. Deflector Equipped w i t h  a 
Connecting P i p e  and Wi th  T h r o t t l i n g  
Shut te rs :  1 ,  T i l t i n g  Walls; 2 ,  Guide 
Vane; 3 ,  T h r o t t l i n g  S h u t t e r s ;  4 ,  J e t  
Nozzle. 

The model has been s t u d i e d  f o r  
design angles o f  wal l  i n c l i n a t i o n  
B ' ,  equal t o  7 8 " ,  6 0 " ,  45", and 
33'. F o r  t h e  values  o f  the angle /215 
8 '  adopted, t h e  e x i t  areas  of  the 
d e f l e c t o r  were chosen t h a t  ensured 
the same consumption wi th  the  de- 
v ice  cu t - in  as when it was n o t  
opera t ive .  

Coef f ic ien ts  o f  v e r t i c a l  
t h r u s t  component R and horizon- 

- 

ver- 
t a l  t h r u s t  components %or as func- 

t i o n s  of  t h e  design angle 6 '  a r e  
l i s t e d  i n  Figure 8.2.  The v a r i a -  
t i o n  i n  t h e  c o e f f i c i e n t  E and 

with change i n  wal l  t i l t i n g  
ver  - 

angle $ i n  t h e  working regime f o r  
7l* = 2 . 2  i s  given i n  Figure 8.3. 

The na ture  of t h e  dependence of 

( c f .  Figure 8.2)  i s  determined mainly by v a r i a t i o n  of the v a r i a b l e s  s i n  B 
and cos B (equations 7.10 and 7.12).  

nozzle  
- 

and gver on t h e  stream e x i t  angle 
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I - 
Rve r ;Rhor 

"90 Bo 70 60 50 40 p" 

Figure 8 .2 .  

as Functions of t h e  A n g l e  6' of t h e  

= 2.2.  

Coef f ic ien t  Fhor and Ever 

- Model i n  F i g u r e  8.1 When 71 kozzle  - 

In  the  working regime, f o r  the  
g r e a t e s t  design angle of  i n c l i n a t i o n  
of d e f l e c t o r  walls B '  = 78" (Figure 
8 .4 ) ,  the value R = 0.75 and the  ver 
c o e f f i c i e n t  o f  t he  r e s u l t a n t  t h r u s t  

= 0.77l .  When the walls a r e  Rdef l  
pos i t ioned  a t  an angle B '  equal-to 
6Oo,4S0, and 33", t he  value of Rdefl 

l i e s  wi th in  the  limits 0.75-0.78. 

- 

- 
The low Rdefl values  a r e  exp la in  

ed by poor p r o f i l i n g  of t he  through- 
p u t  s e c t i o n  of  the d e f l e c t o r .  

The consumption c o e f f i c i e n t  w a s  /216 - 
r e t a ined  a t  a constant  value f o r  a l l  
7T* values  i n  the inves t iga t ed  

scheme of t he  d e f l e c t o r ,  just  as i n  
nozzle  

the  s i m i l a r  scheme of the r eve r se r .  

Deflector  Equipped w i t h  a 
Screen and Thro t t l i ng  
Shut te rs  

- - The d e f l e c t o r  with t h r o t -  
t l i n g  s h u t t e r s  and a d e f l e c t -  
i ng  screen  (Figure 8.5) differs  
from t h a t  descr ibed above i n  
t h a t  a screen  of s t r i p s  with 
a design angle  B '  = 90" i s  

bypass a rea  i s  about 5% of the  
j e t  nozzle  a rea .  - Measurements 
showed t h a t  %or = 0.  

Rver '  Rhor 
1.0 

46 used i n  the  d e f l e c t o r .  The 

0.4 

0.2 The m a x i m u m  value k- = ver  
= 2 . 2  i n  

t h i s  d e f l e c t o r  was only 0.73, 
which i s  c lose  t o  t h e  values 
f o r  de f l ec to r s  descr ibed above 

- - - Rdefl when T* 

0 nozzle 

Figure 8.3.  

as Functions of t h e  A n g l e  @ By Mhich  t h e  
Thro t t l i ng  Shut te rs  of t h e  Model i n  F i g .  

Coef f ic ien ts  Khor and Ever 

8.1 a r e  T i l t e d  f o r  1s:: = 2 2  
~ nozzle ~ ~~ ' ' __ ~~~~ ~ . . - -~ ~ . . . . . - - = _ _  . __  -~. .  ,. 

- - 
lDef in i t ions  of  Ever, %or, Rdefl, and cdefl have been presented  above (51, 
Chapter 111). 
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I n  t h i s  way, i n s t a l l a t i o n  of a screen o f  s t r i p s  i n  the  d e f l e c t i n g  connecting 
pipes  d id  not  have any e f f e c t .  

- 
Figure 8.4.  Coef f ic ien ts  Rho,, R ver and 

Gdef 1 nozzle 
Figure 8.1 Model f o r  a Di f fe ren t  B ' ,  and 
t h e  Coef f i ci e n  t Edef 

- 
as Functions of TI;: f o r  t h e  

as  a Function of 

t h e  Angle B '  w h e n  7~;: = 2 .2 .  nozzl e 

Deflector  Located Aft of t h e  
J e t  Nozzle Exit Area 

The scheme o f  t h e  d e f l e c t o r  
shown i n  Figure 8.6 when t h e  j e t  
s t ream is def lec ted  the  s h u t t e r s  
1 and 2 r o t a t i n g  on p i n s  3 are 
f i x e d  af t  o f  t h e  j e t  nozzle 4 
and d i r e c t  the  streain downward. 
I n  t h e  cut-out p o s i t i o n  t h e  
s h u t t e r s  a r e  hinged i n  t h e  h o r i -  
zontal  p o s i t i o n  and extend be- 
yond the  l i m i t s  o f  t h e  nozzle ,  /218 
n o t  prevent ing d i r e c t  stream 
e x i t i n g .  The device can be 
used i n  non-af terburner  and 
af te rburner  engine regimes. The 
a f te rburner  regime provides 
h igher  thrust- to-weight  r a t i o  
f o r  t h e  a i r c r a f t ,  and conse- 
quent ly ,  a h igher  v e r t i c a l  
t h r u s t  component when t h e  j e t  
stream is d e f l e c t e d .  I n  t h e  
model o f  the d e f l e c t o r  c y l i n d r i -  
cal s h u t t e r s  f o r  s i m p l i c i t y  have 
been replaced by a connecting 
p ipe  which i s  secured t o  t h e  j e t  
p ipe  by means of  a f lange .  The 
design of  the  model a f fords  
v a r i a t i o n  i n  t h e  connecting p ipe  
e x i t  a r e a  by means of i n s e r t s .  
S tudies  have been conducted f o r  
a consumption c o e f f i c i e n t  equal 
t o  u n i t y .  When the e n t i r e  flow 
i s  def lec ted  t h e  value z 

aO.9  i s  a t t a i n e d  f o r  TI* - 
= 2.2. 

- 

v e r  

nozzle  
- 

Deflectors  Incorporating Doubled T i  1 t i n g  Nozzles /219 - 
The scheme of the  d e f l e c t o r  t h a t  series t o  d e f l e c t  the j e t  stream by 

means of  twinned t i l t i n g  nozzles  is shown i n  Figure 8.7. I n  t h e  i n d i c a t e d  
p o s i t i o n  of  the t i l t i n g  nozzles  1 equipped with screen  2 ,  d i r e c t  e x i t i n g  o f  
t h e  j e t  stream is provided. To d e f l e c t  t h e  stream downward i n  o r d e r  t o  b u i l d  
up l i f t ,  the  nozzles a r e  r o t a t e d  on f langes  3 by t h e  angle B '  = 90'. For 
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t h r u s t  r e v e r s a l  t h e  nozzles are r o t a t e d  by the angle 6 '  = 90'. 
used on t h e  Bris tol-Siddeley BS-53 bypass engine (Great B r i t a i n )  has been 
b u i l t  according t o  t h i s  scheme. 

The d e f l e c t o r  

.* 
' nozzle 

Figure 8 .5 .  
Experimental C h a r a c t e r i s t i c s  . 

Deflector  Incorporating a Screen and T h r o t t l i n g  S h u t t e r s ,  and i t s  

N 

I,6 1.8 2.0 2.2 nu nozzle 

Figure 8.6. 
Experimental C h a r a c t e r i s t i c s .  

Deflector  Posit ioned Aft of t h e  J e t  Nozzle Exit  Area, and I t s  

The following v a r i a n t s  o f  t i l t i n g  nozzles were i n v e s t i g a t e d :  

1. T i l t i n g  nozzles t h a t  have leafwise vanes o f  sc reens  with constant 
p i t c h  (Figure 8.8) : 

a) Three-vane wi th  r e l a t i v e  screen  p i t c h  t / c  = 0.576,where t i s  t h e  
screen  p i t c h  and c = vane chord; 

b)  Four-vane ( t / c  = 0.461); 
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c) Five-vane ( t / c .  = 0.385).  

2 .  T i l t i n g  nozzles t h a t  a r e  equipped with leafwise vanes of screens with 
v a r i a b l e  p i t c h  (Figure 8.9) : 

a) Three-vane ( t / c  = 0.796; 0.64; 0.51; 0.359); 

b )  Four-vane ( t / c  = 0.575; 0.524; 0.473; 0.421; 0.312); 

c) Five-vane ( t / c  = 0.46; 0.43; 0.40; 0.37; 0.337; 0.308).  

Rdef 1 ' Rver 
A model o f  t h e  device w a s  b u i l t  i n  ac- 

cordance with t h e  scheme. Only t h e  thickness  
of the vanes was n o t  modeled owing t o  i t s  
small  value.  The reduced v e l o c i t y  a t  t h e  
i n l e t  t o  t h e  model was about 0.65. Measure- 
ments were made of  t h e  v e r t i c a l  R;ert t h r u s t  

complement using a model with a s i n g l e  noz- 
z l e .  

- - 
The na ture  of the curves of Rvert - 

as  a funct ion of  n i o z z l e  f o r  nozzles R k r t  
wi th  t h r e e ,  f o u r  and f ive  vanes a t  constant  
and v a r i a b l e  p i t c h  is approximately t h e  same. 
I n  t h e  range nCozzle = 1.6-2.0,  the  values 

%or % Rver % 

- - 
0.93. 

Figure 8 .7 .  Deflector wi th  
T w i n n e d  T i  1 ti ng  Nozzles w i  t h  
F i ve-vanes w i t h  Cons tan t 
P i t c h :  1 ,  Nozzle; 2 ,  Screen; 
3 ,  Flanges. 

I t  follows from an examination of t h e  / 2 2 1  
d a t a  on Ev& t h a t  t h e  p a t t e r n  of  t h e  curves 

and E i s  s i m i l a r .  The values of t h e  Rver ve r 

c o e f f i c i e n t s  d i f f e r  from those of Rver  ve r 
mainly i n  absolu te  values .  I n  t h e  range 

- 

- 

n* = 1.6-2.4,  the  c o e f f i c i e n t  * = 0.97. Thus, a l a r g e  p a r t  o f  the  

t h r u s t  losses i n  t h e  device under s tudy (about 4%) is  assoc ia ted  with cleavage 
of the flow i n  t h e  exhaust p ipe  and wi th  it,s d e f l e c t i o n  i n  t h e  bends of the  
t i l t i n g  nozzles , and a smaller p a r t  (about 3%)--with d e f l e c t i o n  o f  the  stream 
i n  t h e  d e f l e c t i n g  screens .  From t h e  d a t a  i n  t h e  s tudy 1351 , t h e  c o e f f i c i e n t  
of  the t h u r s t  produced by ind iv idua l  t i l t i n g  nozzles equipped with a sc reen  
is  0.97, b u t  t h e  c o e f f i c i e n t  t h e  t h r u s t  of t h e  e n t i r e  d e f l e c t o r  (consider ing 
losses  i n  cleavage and turn ing  of  t h e  stream i n  the  j e t  pipe)  i s  0.9 based on 
the  information given i n  t h e  s tudy [42]. 

nozzle  v e r  

For a l l  the  i n v e s t i g a t e d  t i l t i n g  nozzle  models , t h e  measured consumption 
l e v e l s  f o r  d i r e c t  and d e f l e c t e d  t h r u s t s  were t h e  same. 
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F i g u r e  8.8. 
Characteri  s t i cs f o r  Four Vanes. 

T i l t i n g  Nozzle W i t h  Constant Screen P i t c h ,  and Experimental 

2.0 2.4 x' nozz 1 e 

Figure 8.9.  
C h a r a c t e r i s t i c s  f o r  Use of Three Vanes. 

T i  1 - t i n g  Nozzle With Variable Sere-en P i t c h ,  and Experimental 

The experiment e s t a b l i s h e d  t h a t  as the angle  o f  nozzle r o t a t i o n  B '  i s  
changed, t h e  c o e f f i c i e n t s  of  h o r i z o n t a l  and v e r t i c a l  t h r u s t  components a r e  
var ied ,  r e s p e c t i v e l y ,  i n  proport ion t o  t h e  v a r i a b l e s  cos B '  and s i n  8 ' .  The 
c o e f f i c i e n t  of t h e  r e s u l t i n g  t h r u s t  E 
as the  angle 8 '  is changed when ~ ; f i ; ~ ~ ~ ~ ~  = const .  

The a c t u a l  - st ream e x i t  a n g l e s  were determined .from t h e  measured values of  
t h e  hor izonta l  %or and v e r t i c a l  R t h r u s t  components. Measurements revea l -  

ed t h a t  t h e  geometrical  angles B '  and a ' ,  r e s p e c t i v e l y ,  and the e x i t  angles 

8 and a agree.  

proved t o  b e  p r a c t i c a l l y  constant def 1 

v e r  
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Deflectors Incorporating a S i n g l e  T i l t i n g  Nozzle1 /222 - 
A s i n g l e  t i l t i n g  nozzle 1 (Figure 8.10) with a d e f l e c t i n g  screen can be 

I n  t h e  p o s i t i o n  shown i n  t h e  f i g u r e ,  the  s t ream 

These tilt- 

i n s t a l l e d  i n  a VTOL engine.  
e x i t s  i n  the  d i r e c t i o n  of t h e  engine a x i s .  
t h e  nozzle  on t h e  f lange  2 i s  r o t a t e d  by an angle equal t o  120". 
i n g  nozzles can be used i n  power p l a n t s  t h a t  have two symmetrically arranged 
engines ,  but  they r e q u i r e  synchronous cont ro l  of the t i l t i n g  nozzles .  

The t o t a l  l i f t  i s  produced when 

/ 2 2 3  

V i e w  of A 

Figure 8 . l b .  S i n g l e  T i  
Prof i led  Vanes: I ,  T i l t  
Screen Made of Leafwise 

t i n g  Nozzles: a ,  W i t h  Deflect ing Screen Made up of 
ng Nozzle w i t h  Deflect ing Screens; 2 ,  Flange; b,  W i t h  
P r o f i l e s :  c y  without Screens. 

lThe t i l t i n g  nozzles were developed by V.  N .  Bazarov, A .  P .  Lev, e tc .  and 
were i n v e s t i g a t e d  by A .  P .  Lev and K .  N .  Popov. 
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The gas duct from a f t  o f  t h e  t u r b i n e  up t o  t h e  t i l t i n g  nozzle  was con- 
s t r u c t e d  with a constant  c ross -sec t iona l  area. The p o s s i b i l i t y  o f  increas ing  
t h e  c o e f f i c i e n t s  o f  h o r i z o n t a l  and v e r t i c a l  t h r u s t  components produced by the  
d e f l e c t o r  v i a  v a r i a t i o n  i n  t h e  design o f  the  throughput p a r t  o f  t h e  t i l t i n g  
nozzle  was explored. The fol lowing var iants  o f  the t i l t i n g  nozzles were 
t e s t e d :  

1. a nozzle  with a d e f l e c t i n g  screen  made o f  p r o f i l e d  vanes. 
i n g  screen  with p r o f i l e d  vanes t h a t  had a r e l a t i v e  p i t c h  t / c =  0 . 7  ( c f .  Fig.  
8.10 a) w a s  i n s t a l l e d  i n  i t s  e x i t  c ross -sec t ion ,  e l l i p t i c a l  i n  form. 

A d e f l e c t -  

2 .  
a v a r i a n t  of the  nozzle d i f f e r i n g  from t h e  foregoing i n  the fact  t h a t  i t s  e x i t  
s e c t i o n  was c i r c u l a r  i n  form and i n  i t  was i n s t a l l e d  a d e f l e c t i n g  screen  div- 
ided  by twelve t ransverse  s t i f f e n e r s  ( c f .  Figure 8.10 b) . The screen  w a s  made 
of  leafwise p r o f i l e s  with t h e  a i m  o f  s impl i fy ing  t h e  design and reducing i t s  
manufacturing cos ts  i n  product ion.  The r e l a t i v e  screen  p i t c h  t/c 0.78. 

nozzle  with d e f l e c t i n g  screen  made o f  leafwise p r o f i l e s .  This was 

3. nozzle  without d e f l e c t i n g  screen  b u t  w i t h  e l l i p t i c a l  exit  area. I n  
c o n t r a s t  t o  t h e  foregoing v a r i a n t s ,  the  nozzle  was b u i l t  without a screen  i n  
t h e  e x i t  a r e a  i n  order  t o  s impl i fy  cooling of  t h e  nozzle  when operat ing an 
engine a t  high gas temperature ( c f .  Figure 8.10 c) . Two v a r i a n t s  of  t h i s  
nozzle were t e s t e d  with angles y o f  t h e  nozzle  wall i n c l i n a t i o n  t o  i t s  a x i s  
of 10 and 20". 

For the i n v e s t i g a t e d  nozzle  v a r i a n t s ,  Figure 8.11 p r e s e n t s  - t h e i r  - experi-  
mental c h a r a c t e r i s t i c s - - t h e  values  of  t h e  c o e f f i c i e n t s  %orJ  RverJ  Rdef l '  t h e  

and the  angle  of  stream e x i t  a, c o e f f i c i e n t  of  t o t a l  p ressure  recovery o 

determined from t h e  values of  
d e f l '  

%or and Rver '  

By comparing c h a r a c t e r i s t i c s  we can s e e  t h a t  t h e  t h r u s t  c o e f f i c i e n t s  

o f  t h e  f o u r  v a r i a n t s  of t h e  t i l t i n g  nozzles i n  t h e  working Rhor and 'ver 
range of pressure  reduct ion n;ozzle = 2.0-2.5 are approximately equal and 

%or=  R v e r =  0.95. The c o e f f i c i e n t  E % 0.96. As IT* i s  amount t o  

decreased from 2 . 0  t o  1.3, t h e  - t h r u s t  - c o e f f i c i e n t s  f o r  these nozzle  v a r i a n t s  
a r e  reduced down t o  the values 

- 

- - 
def 1 nozzle 

0.88. The c o e f f i c i e n t s  E;or % o r x  'ver= 
f o r  a l l  the pressure  reduct ion l e v e l s  i n v e s t i g a t e d  were 

Ghor = 1.0.  
- 

The angle a of stream e x i t  remains constant  and is 

is  var ied  f o r  the v a r i a n t  a .  For the  nozzle i n  v a r i a n t  
a l s o  kept cons tan t ,  b u t  i s  somewhat lower i n  value ( a  = 

maintained constant--  

about 10" as n* nozzle 
b ,  the  value of  a i s  
6 " ) .  For t h e  two /225 - 

IThe d e f i n i t i o n  o f  char has been given above ( 51, Chapter 111).  
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var i an t s  c ,  the angle  a i s  reduced with inc rease  i n  t h e  ex ten t  of pressure  
reduct ion.  

noz 

le 

l e  

nozzle 

- 
Figure 8.11. Coeffi .cients E 
Ti l t ed  Nozzle a s  Functi.ons of t h e  Extent of Pressure Reduction: 0, R h o r ;  0 , 

Rver ;  
Screen Made of Leafwise P r o f i l e s ;  c ,  Without Screen When y = 20"; d ,  Without 
Screen When y = 10". 

a n d  Ede f l ,  and t h e  Angle c1 f o r  t h e  
hor '  Rver '  - 

- - 
* a ,  Wi th  Screen Made of P ro f i l ed  Vanes; b, W i t h  ' Rdefl  ' @' O d e f l y  
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The p r a c t i c a l  agreement of the t h s u s t  c o e f f i c i e n t s  f o r  t he  nozzle  v a r i -  
an t s  i nves t iga i ed  i s  explained by the  f a c t  t h a t  p a r t  of t he  exhaust duct f o r -  
ward of t h e i r  t i l t i n g  nozz les  i s  the  same, b u t  t he  d i f f e r e n t  designs of t he  
d e f l e c t i n g  screens  and the  t i l t i n g  nozzles  a r e  cons t ruc ted  with such a high 
degree of improvement t h a t  they  ensure almost i d e n t i c a l  t o t a l  p ressure  lo s ses .  
The ho r i zon ta l  and v e r t i c a l  t h r u s t  components, as t h e  angle  of nozzle  t i l t i n g  
B '  i s  var ied ,  as  shown by t e s t s ,  a r e  va r i ed ,  r e spec t ive ly ,  p ropor t iona l ly  t o  
the  values of  cos B '  and s i n  6 ' .  

Deflector  Incorporating T i  1 t i n g  Nozzles and Throt t l  ing Shut te rs  

The model of t he  d e f l e c t o r  descr ibed here  is  given i n  Figure 8.12. 
has a s t r a i g h t - l i n e  j e t  nozzle  1 and two connecting p ipes  2 equipped with 
t i l t i n g  nozzles 3 incorpora t ing  de f l ec t ing  screens .  The nozzles ,  t i l t i n g  by 
means of  a s p e c i a l  mechanism, can d e f l e c t  the stream downward t o  produce l i f t ,  
deflect 'ed a t  an angle less than 90" when the  a i r c r a f t  is acce le ra t ing ,  and 
a l s o  d e f l e c t  the  stream a t  an angle g r e a t e r  than 90" ( t o  as much as  180') t o  
produce negat ive ho r i zon ta l  t h r u s t  components when landing.  

I t  

The device has two c y l i n d r i c a l  t h r o t t l i n g  s h u t t e r s  4, which, r o t a t i n g  on 
the  p ins  5,  expose the  i n l e t  windows of the  connecting pipes  2 and block 
d i r e c t  e x i t i n g  of  the t h r u s t  through the  j e t  nozzle .  

The vanes i n  the  de f l ec t ing  screens were made of  s h e e t  0 .5  mm th ick  with 
an angle  a t  the i n l e t  equal t o  90°,  and a t  the  ou t l e t - -30" .  
p i t c h  of  t he  screen  was equal t o  t / c  = 0.7.  

The r e l a t i v e  

- Figure 8.13 p resen t s  t he  values o f  the  ho r i zon ta l  t h r u s t  coe f f i c i en t s  
%or i n  the  case of  d i r e c t  (ho r i zon ta l ,  B '  = 0) e x i t i n g  of t he  stream from the  

t i l t i n g  nozzles ,  v e r t i c a l  t h r u s t  E when the  stream was de f l ec t ed  downward ve r  
( B  = go") ,  nega t ive  t h r u s t  fi- - r ev  - Rrev/Rideal  when the nozzles  were i n  a 

p o s i t i o n  d e f l e c t i n g  the  t h r u s t  h o r i z o n t a l l y  . in t he  r eve r se  d i r e c t i o n  (6' = 

= 180") ,  r e s u l t a n t  t h r u s t  Edefl, consumption c o e f f i c i e n t  cdefll, and the coef- 

d e f l '  f i c i e n t  of  t o t a l  p re s su re  recovery 0 

ing ,  t he  j e t  nozzle of the  model was covered with an end cap 6 ( c f .  Figure 
8.12) .  

To prevent  leakage of a i r  i n  t e s t -  

- 
%or 9 

From inspec t ion  of  Figure 8.13 it follows t h a t  the  c o e f f i c i e n t s  

and Erev i n  the  inves t iga t ed  range TI* nozzle  = 1.3-2.0 inc rease .  
- 

Within 
Rver 9 

the  l i m i t s  n* = 2.0-2.5,  the  values  of the  t h r u s t  composition a r e  r e t a i n -  

ed approximately constant  
- - - nozzle  

k c C 0.9 .  The consumption /227 
%or  Rver  Rrev 

'Def in i t ion  of  cdefl has been given above. 
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c o e f f i c i e n t  f o r  a l l  values of IT* and nozzle  t i l t i n g  angles prove t o  be 
equal t o  u n i t y .  
stream does not  have any e f f e c t  on parameters of t h e  turbocompressor groups 
of  the engine.  
en t s  of h o r i z o n t a l ,  v e r t i c a l ,  and negat ive t h r u s t  

nozzle  
Consequently, t i l t i n g  the nozzle when de f l ec t ing  the j e t  

The c o e f f i c i e n t  of r e s u l t a n t  t h r u s t  i s  equal t o  the  c o e f f i c i -  

Rde f l  * %or Rver * Rrev’ 
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' I  

Figure 8.13. 
of Total Pressure Recovery as Functions of t h e  Extent of Pressure Reduction 
f o r  a Model of a Deflector  ( c f .  Figure 8.12):  0, E 
O 9  R d e f l '  

Coef f ic ien ts  of Thrust ,  Consumption Coeff ic ien t ,  and Coeff ic ien t  
- - 

* 0 , R v e r ;  x ,  R r e v ;  hor '  - 

Experiments e s t a b l i s h e d  t h a t  as the nozzle  t i l t i n g  angle B '  i s  var ied ,  
the  h o r i z o n t a l  and v e r t i c a l  t h r u s t  complements vary p r o p o r t i o n a l l y  t o  t h e  
var iab les  cos B '  and s i n  6 ' .  The value of the c o e f f i c i e n t  o f  the r e s u l t a n t  
t h r u s t  s t a y s  cons tan t  with v a r i a t i o n  i n  the nozzle  t i l t i n g  angle  B '  (Figure 
8 .14) .  

Figure 8.14. Resul tant  Thrust  Coef- 
f i c i e n t  as a Function of  the  Nozzle 
T i l t i n g  A n g l e  in t h e  Model ( c f .  F i g .  
8.12) when 7 ~ *  = 2.2. nozz 1 e 

As r e s u l t s  o f  s t u d i e s  made of 
a s i n g l e  nozzle  equipped with a 
sc reen  def lec t ing  t h e  stream by 90" 
have shown, t h r u s t  losses  i n  t h i s  
nozzle a r e  about 3%. To t h e  f i rs t  
approximation w e  can assume t h a t  
i n  these  t i l t e d  nozzles t h r u s t  l o s -  
ses w i l l  have t h e  same value,  The 
remaining t h r u s t  losses  (approx. 
7%) can be assigned t o  cleavage o f  
t h e  stream and i t s  d e f l e c t i o n  by 
the  s h u t t e r s  . 

I n  t h e  f u l l - s i z e d  d e f l e c t o r  i t  / 228  
i s  p r a c t i c a l l y  impossible t o  avoid leakage through t h e  s p l i t  between t h e  
s h u t t e r s .  
obtained f o r  t h i s  given model. 

Therefore thrust losses  can prove t o  b e  somewhat h igher  than those 

52. Deflectors  I n s t a l l e d  in L i f t  E n g i n e s  

T i  1 t i n g  Nozzle 

The scheme of t h e  t i l t i n g  nozzle  i s  shown i n  Figure 8.15. By means of 
two d i a m e t r i c a l l y  oppos i te  p ins  1, nozzle  2 can b e  t i l t e d  toward both  s i d e s  
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r e l a t i v e  t o  the  engine a x i s .  T i l t i n g  of  t h e  nozzle w i l l  b e  executed a l s o  i n  /229 
conjunction with t h e  cone-cowling 3 loca ted  a f t  o f  the engine turb ine .  

F i g u r e  8.15. Scheme and Experimental C h a r a c t e r i s t i c s  of a T i l t i n g  Nozzle 
Model I n s t a l l e d  i.n a L i f t  Engine: a ,  Undeflected; 1 ,  P ins ;  2 ,  Nozzle; 3 ,  Cone- 
Cowling; 4 ,  Deflected by 10" 

S tudies  were made of t h e  nozzle f o r  nozzle  t i l t i n g  angles o f  10" and 2S0,  
f o r  t h e  nozzle t i l t e d  a t  an angle  of 25" toge ther  with the conical  cowling, 
and a l s o  f o r  the  u n t i l t e d  nozzle .  The r e s u l t i n g  experimental c h a r a c t e r i s t i c s  
have been l i s t e d ,  r e s p e c t i v e l y ,  i n  Figure 8.15 and 8.16. 

When we compare the  c h a r a c t e r i s t i c s  w e  can c l e a r l y  s e e  t h a t  i n  the work- 
ing  range of degrees o f  pressure  reduct ion ?I* FZ 2.0-2.5, when the nozzle 

i s  t i l t e d  by the i n d i c a t e d  angles ,  and a l s o  when the  nozzle is  t i l t e d  together  
with t h e  cowling, - the  c o e f f i c i e n t  o f  t h e  r e s u l t a n t  t h r u s t  i s  r e t a i n e d  approxi- 
mately constant  

aerodynamics of  the throughput s e c t i o n  remains e s s e n t i a l l y  unchanged f o r  these  

/230 

nozzle 

= 0.96.  This is  accounted f o r  by t h e  f a c t  t h a t  t h e  R d e f l  
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I 

r e l a t i v e l y  small  angles o f  nozzle  t i l t i n g .  In  nozzle  t i l t i n g  t h e  consumption 
c o e f f i c i e n t  s t a y s  constant  G defl = 1.0.  

4 19 

18 

17 

F i g u r e  8.16. Experimental C h a r a c t e r i s t i c s  of a T i l t e d  Nozzle Model. a ,  De- 
f l e c t e d  by 25"; b, Deflected Together w i t h  a Cowling by 25". 

%Or The s t ream e x i t  angles were determined from t h e  measured values of  

and Rver. 

the  nozzle t i l t i n g  angle  f o r  n* nozzle = 2 . 2 ,  where B i s  t h e  a c t u a l  s t ream e x i t  

angle and B '  i s  nozzle  t i l t i n g  angle .  

Figure 8.17 presents  t h e  stream lagging angle y) = B '  - B as a funct ion of 
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0 8 16 24 p ' O  

Figure 8.17. 
Function of Nozzle T i l t i n g  A n g l e  
(71;: 

A n g l e  of Stream Lag a s  a 

= 2 . 2 ) :  e ,  Together w i t h  the nozzl e 

Def 1 e c t o r  I ncorporat i n g  Box- t y p e  
S h u t t e r  

This device (Figure 8.18) has 
a s t r u t  1 secured t o  the  engine 2 
or t h e  engine n a c e l l e  of t h e  a i r -  
c r a f t .  Connected t o  t h e  s t r u t  by 
means o f  a mechanism 3 is  the  box- 
type s h u t t e r  4 ,  the  s i d e s  of  which 
5 do n o t  allow streaming of  t h e  gas 
beyond t h e  i i m i t s  o f  i t s  l a t e r a l  
s u r f a c e .  

When t h e  device i s  i n  t h e  cut-  
Cowl i n g .  i n  p o s i t i o n ,  t h e  s h u t t e r  is  placed 

a t  a des i red  angle r e l a t i v e  t o  t h e  
nozzle  ax is  t h a t  ensures t h e  neces- 

sa ry  values of  hor izonta l  %or and v e r t i c a l  R t h r u s t  components. When the  

device i s  not  cu t - in ,  the  s h u t t e r s  a r e  folded toge ther  wi th in  t h e  engine nacelle. 
The device can a l s o  be constructed i n  the form of  a hinged p a r t  of t h e  engine 
n a c e l l e  sur face .  

v e r  

Experimental c h a r a c t e r i s  t ics  o f  
the  model o f  t h e  device when t h e  s h u t -  
t e r  is d e f l e c t e d  by an angle o f  43" 
are given i n  Figure 8.19. As t h e  ex- 
t e n t  of  pressure  reduct ion is g r e a t e r ,  /232 
t h e  c o e f f i c i e n t  of  r e s u l t a n t  t h r u s t  
r i s e s  up t o  the value E def l=  0.92 f o r  

TI* = 2 . 2 .  Fur ther ,  as the ex ten t  

of  pressure  reduct ion r i s e s  t o  TI* 

= 2 . 5  

t i c a l l y  constant .  Figure 8.19 a l s o  
presents  the c h a r a c t e r i s t i c s  o f  a 
model of  the device incorpora t ing  a 
s h u t t e r  without . s i d e s .  Owing t o  t h e  
planar: form o f  the  s h u t t e r ,  much o f  

nozzle 
- 

nozzle- 
t h e  value o f  Edefl remains prac-  

Figure 8.18. Scheme of Deflector  
Incorporated i n  a L i f t  E n g i n e  t h a t  the  stream escapes toward the  s i d e s ,  
l n c l u d e s  a Box-type S h u t t e r :  1 which enduces s i z e a b l e  t h r u s t  l o s s e s  
S t r u t ;  2 ,  E n g i n e ;  3 ,  S h u t t e r  Con- The maximum a t t a i n e d  c o e f f i c i e n t  of  
t r o l  Mechanism; 4 ,  S h u t t e r ;  5 ,  Sides t h e  r e s u l t i n g  t h r u s t  f o r  the  device 
of S h u t t e r .  - incorpora t ing  t h i s  kind of s h u t t e r  is 

Rdefl = 0.7 .  
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zdefl 

1.0 

99 
02. 

t h e  Deflector  I n -  Figure 8.19. Experimental Charac t e r i s t i c s  of the Model of 
corporat ing a S h u t t e r :  o,  Box-type Shu t t e r ;  A , Planar  S h u t t e r .  

Deflector  Incorporating T i l  t i , n g  Vanes 

The scheme of  t he  d e f l e c t o r  i s  shown i n  Figure 8.20. I t  has guide v.anes 
cons is t ing  of two p a r t s :  t he  upper 1 is  f ixed  and the  lower 2 t i l t s  along 
hinges t o  both  s i d e s  r e l a t i v e  t o  the  ax is  o f  the nozzle  3 of  the engine by 
means o f  a mechanism. 
engine or t he  engine n a c e l l e  of the a i r c r a f t .  

The vanes a r e  r e s t r a i n e d b y  the  forks  4 secured t o  the  

F i g u r e  8.20. Scheme of De- 
f l e c t o r  Incorporated i n  a 
L i f t  Engine, U s i n g  T i l t i n g  
Vanes: 1 , f'ixed Pa r t  of Vane; 
2 ,  Mob-ile I ' a r t  of Vane; 3 ,  
E n g i n e  Nozzle; 4 ,  Fork Re- 
s t r a i n i n g  Vane; 5 ,  R e s t r i c t i v e  
S t r i p s ;  6 ,  Experimental Vane. 

Owing t o  the  reduct ion i n  
the  screen  e x i t  a r ea  when the  
vanes a re  t i l t e d ,  the increase  
i n  the  e x i t  a r ea  i s  a t t a i n e d  
by s h i f t i n g  the r e s t r i c t i n g  
s t r i p s  5 ( c f .  Figure 8.20) t o -  
ward the per iphery.  When the  

vanes a r e  t i l t e d  by 19', compensation f o r  t he  reduct ion of the  e x i t  a r ea  i s  
provided by the  length  of  t h e  vanes, equal t o  1 .14  DnOzzle, and when the  vanes 

a re  r o t a t e d  by 3O0--by the length o f  the  vanes equal t o  1 .33  Dnozzle. /233 
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Experimental c h a r a c t e r i s t i c s  of  the  model o f  t h e  device are given i n  Figure 
8.21. we can see t h a t  t h e  consumption c o e f f i c i e n t  i n  both cases remains con- 

= 1.0.  When t h e  vanes a r e  d e f l e c t e d  by an angle of l'9", as Gdef l  s t a n t :  

Tr* 

* 0.97 ( ~ r ; 2 ~ ~ ~ ~ ~  = 1.2)  down t o  0.90 ( ~ r ; ~ ~ ~ ~ ~  = 2.5) .  

vanes, t h i s  c o e f f i c i e n t  i s  reduced from = 0.93 ( ~ r ; 2 ~ ~ ~ ~ ~  = 1.4) down t o w  0.9 
= 2.5) .  The reduct ion i n  t h e  r e s u l t a n t  t h r u s t  c o e f f i c i e n t  with i n -  CT;2o z z 1 e 

i s  increased  t h e  c o e f f i c i e n t  o f  r e s u l t a n t  t h r u s t  Fdefl is reduced from 

For a 30' t i l t i n g  o f  t h e  
nozzle  

crease i n  the  angle of  vane t i l t i n g  i s  accounted f o r  by t h e  r ise  i n  t h e  l o s s e s  
of  t o t a l  p ressure  i n  t h e  d e f l e c t i n g  screen.  

Figure 8.21. Experimental C h a r a c t e r i s t i c s  of a Model of a Nozzle i n  a L i f t  
Engine Incorporating T i l t i n g  Vanes ( c f .  Figure 8.20):  B '  = 19": - - 

o Z/Dnozz 1 e 
= 1 . 1 4 ;  x ,  Z/Dnozzl e = 2 . 5 ;  w h e n  8 '  = 30" e ,  Z / D n o z z l e  = 1.33. 

Figure 8 . 2 2  p resents  t h e  consumption c o e f f i c i e n t  as a funct ion o f  def 1 
the  r e l a t i v e  length of  the screen  vanes Z/D We can c l e a r l y  s e e  from /234 

the  f i g u r e  t h a t  t h e  minimum vane length f o r  which t h e  screen with 6 '  = 30" does 
not  a f f e c t  consumption through the  nozzle i s  2 %  1 . 3 3  Dnozzle .  

p a s t  1 .33  D t h e  consumption c o e f f i c i e n t  s t a y s  cons tan t .  

nozzle '  

As 2 rises 

nozzle  

- 
as a Gdef 1 Figure 8.22. 

Function of t h e  Ratio Z / D n o z  

nozz 1 e 
= 19"; 0, 6 '  = 30". 

When TT;: = 2 . 2 ) :  x ,  B '  = 
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1 

The l i m i t e d  n a t u r e  o f  t h e  r e s u l t s  of  experimental s t u d i e s  on d e f l e c t o r s  i n  
t u r b o j e t  engines does not  y e t  allow us t o  make genera l iza t ions .  However, t h e  
d a t a  given i n  t h i s  chapter  can b e  used i n  new developments o f  d e f l e c t o r s .  
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